Probability distributions of precipitation- scatter interference  Final report by Blackmer, R. H., Jr.
I Final Report 
PROBABILITY DISTRIBUTIONS 
OF PRECIPITATION-SCATTER INTERFERENCE 
By: ROY H. BLACKMER, JR. 
Prepared for: 
NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 
OFFICE OF RESEARCH GRANTS AND CONTRACTS 
CODE SC 
WASHINGTON, D.C. 20546 CONTRACT NASr-49(23) 
https://ntrs.nasa.gov/search.jsp?R=19660015666 2020-03-16T20:03:56+00:00Z
April 1966 
Final Report 
PROBABILITY DISTRIBUTIONS 
OF PRECIPITATION-SCATTER INTERFERENCE 
Prepared for: 
NATIONAL AERONAUT I CS AND SPACE ADMl N I ST RAT1 ON 
OFFICE OF RESEARCH GRANTS AND CONTRACTS 
CODE SC 
WASHINGTON, D.C. 20546 CONTRACT NASr-49(23) 
By: ROY H. BLACKMER, JR. 
S R I  Project 5372 
Approved: M. G .  H. LIGDA, MANAGER 
A E R O P H Y S I C S  L A B O R A T O R Y  
D. R. SCHEUCH, EXECUTIVE DIRECTOR 
E L E C T R O N I C S  A N D  RADIO SCIENCES 
4 
Copy No. ............ 
. 
I 
~* 
ABSTRACT 
Meteorological d a t a  a t  and i n  t h e  v i c i n i t y  of Por t land ,  Maine, have 
been analyzed t o  assess t h e  p r o b a b i l i t y  d i s t r i b u t i o n s  of r ad io  i n t e r -  
f e rence  rece ived  v i a  forward s c a t t e r  of r a d i a t i o n  by p r e c i p i t a t i o n .  This  
p r e c i p i t a t i o n - s c a t t e r  i n t e r f e r e n c e  has  been expressed i n  terms of an e f -  
f e c t i v e  i n t e r f e r e n c e  temperature f o r  comparison w i t h  magnitudes of s k y  
temperature and r e c e i v e r  n o i s e  temperatures.  I t  w a s  found t h a t  w i t h  a 
s tandard ized  va lue  of i n t e r f e r i n g  power of one picowatt  p e r  square  meter 
p e r  c y c l e  per  second, va lues  of i n t e r f e r e n c e  temperature c o u l d  be as high 
as 10 K .  P r o b a b i l i t y  d i s t r i b u t i o n s ,  by season, of va r ious  magnitudes of 
i n t e r f e r e n c e  temperature are presented both f o r  t h e  cond i t ion  i n  which 
the i n t e r f e r i n g  s i g n a l  is  p resen t  a t  a l l  a l t i t u d e s  and t h a t  i n  which it 
is  only p re sen t  above va r ious  s p e c i f i c  a l t i t u d e s .  
5 
A comparison is made between the p r o b a b i l i t y  d i s t r i b u t i o n s  of i n t e r -  
f e r e n c e  temperature and the  probable va lues  of sky temperature. I n  these  
comparisons i t  is  shown t h a t  dur ing  periods of p r e c i p i t a t i o n  t h e  sky  
tempera ture  inc reases  less rap id ly  w i t h  r a i n f a l l  ra te  than  does i n t e r -  
f e rence  temperature. A s  a r e s u l t ,  f o r  very s h o r t  per iods  of t i m e  t h e  
i n t e r f e r e n c e  temperature g r e a t l y  exceeds t h e  sky  temperature. 
The r epor t  shows r e l a t i o n s h i p s  between p r e c i p i t a t i o n  and probable 
i n t e r f e r e n c e  temperature t h a t  may be u s e d  t o  i n t e r p r e t  the r e s u l t s  a t  
Po r t l and ,  Maine, i n  terms of seasonal  
of p r e c i p i t a t i o n ,  a t  o t h e r  l oca t ions .  
d i s t r i b u t i o n  and v e r t i c a l  e x t e n t  
p L & J  
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I INTFODUCTION, SUMMARY, AND CONCLUSIONS 
A.  INTXlDUCTION 
Dennis1* pointed ou t  t h e  importance of p r e c i p i t a t i o n - s c a t t e r  of SHF 
r a d i o  waves as a sou rce  of in t e r f e rence .  Experiments conducted by 
Stanford  Research I n s t i t u t e 2  and t h e  Cent ra l  Propagation Laboratory of t h e  
Nat iona l  Bureau of Standards3 conf inned the  r e a l i t y  of p r e c i p i t a t i o n -  
s ca t t e r  as a p o t e n t i a l  i n t e r f e r e n c e  mode. A r e a l i s t i c  assessment of t he  
importance of t h i s  i n t e r f e r e n c e  a t  any r e c e i v e r  s i t e  r e q u i r e s  a considera- 
t i o n  of i t s  p r o b a b i l i t y  d i s t r i b u t i o n  with t i m e .  
The  bas i c  theory  of forward s c a t t e r  of e lec t romagnet ic  r a d i a t i o n  by 
p r e c i p i t a t i o n  has rece ived  cons iderable  a t t e n t i o n  ove r  a period of many 
years ,  t h e r e f o r e  t h e  important p r e c i p i t a t i o n - s c a t t e r  parameters a r e  w e l l  
known. The parameters of primary importance a r e  t h e  p a r t i c l e  s i z e  d i s -  
t r i b u t i o n s  and t h e  s ta te  ( l i q u i d  o r  ice)  of t h e  p r e c i p i t a t i o n  par t ic les  
and t h e i r  v a r i a t i o n  ove r  the path along which an antenna i s  looking. No 
d i r e c t  measurements of p a r t i c l e  size d i s t r i b u t i o n s  exis t  i n  s u f f i c i e n t  
d e t a i l  f o r  d i rect  de te rmina t ion  of p r o b a b i l i t y  d i s t r i b u t i o n s .  I t  is 
t h e r e f o r e  necessary t o  f i n d  methods of e s t i m a t i n g  probable p a r t i c l e  s ize  
d i s t r i b u t i o n s  a long  extended pa ths  from o t h e r  t ypes  of d a t a  t h a t  a r e  
r o u t i n e l y  c o l l e c t e d  and f o r  which a s u f f i c i e n t  per iod  of record exists t o  
s p e c i f y  a p r o b a b i l i t y  d i s t r i b u t i o n .  
A source  of p e r t i n e n t  d a t a  i s  the  obse rva t ions  of t he  du ra t ion ,  
i n t e n s i t y ,  and type  of p r e c i p i t a t i o n  made r o u t i n e l y  a t  numerous U.S. 
Weather Bureau s t a t i o n s  f o r  many decades. Re la t ionsh ips  between the in -  
t e n s i t y  of p r e c i p i t a t i o n  a t  t h e  sur face  and the v e r t i c a l  p r o f i l e  of pre- 
c i p i t a t i o n  p a r t i c l e s  have been deduced from r a d a r  observa t ions .  The 
radar s t u d i e s  inc lude  (1) s t u d i e s  of r e l a t i v e l y  uniform widespread 
* 
References a r e  l i s t e d  a t  the end of the r epor t .  
1 
. p r e c i p i t a t i o n  w i t h i n  which there is  a well-marked t r a n s i t i o n  between r a i n -  
drops a t  low l e v e l s  and snow c r y s t a l s  a t  t h e  h ighe r  a l t i t u d e s  and (2) 
s t u d i e s  p r i m a r i l y  of the more i n t e n s e  but l o c a l i z e d  convec t ive  p r e c i p i t a -  
t i o n ,  such as t h a t  a s soc ia t ed  w i t h  thunderstorms. The l a t t e r  s t u d i e s  
provide knowledge of v a r i a t i o n s  i n  p r e c i p i t a t i o n s  both i n  t h e  v e r t i c a l  
and i n  t h e  h o r i z o n t a l  from t h e  edges t o  the c e n t e r  of t h e  storm. 
T h i s  r e p o r t  shows how a v a i l a b l e  da ta  may be t r e a t e d  t o  a r r i v e  a t  
p r o b a b i l i t y  d i s t r i b u t i o n s  of p r e c i p i t a t i o n - s c a t t e r  i n t e r f e r e n c e  f o r  
Por t land ,  Maine. S p e c i f i c a l l y ,  t h e  r epor t  deals w i t h  t he  fo l lowing  t a s k s  
as given i n  t h e  c o n t r a c t u a l  s ta tement  of work: 
* 
"(1) Derive the p r o b a b i l i t y  d i s t r i b u t i o n  of t h e  e f f e c t i v e  
Ti, due t o  p r e c i p i t a t i o n  t i n t e r f e r e n c e  temperature, 
scatter w i t h  a s tandard ized  f l u x  of i n t e r f e r i n g  power 
a t  a frequency of 6 G c  above va r ious  s p e c i f i e d  he igh t s ,  
f o r  a selected s t a t i o n  i n  t h e  n o r t h e a s t e r n  United 
S t a t e s ,  a s  a func t ion  of angular  e l eva t ion ,  season, 
and t i m e  of day. 
(2) Compare t h i s  w i t h  t he  probable va lues  of t he  sky  11 
temper a t u  re , Ts, t o  determine t h e  maximum values  of 
i n t e r f e r i n g  power f l u x  tha t  could be permitted under 
va r ious  cond i t ions  without producing s i g n i f i c a n t  i n -  
c r e a s e s  i n  i n t e r f e r e n c e  i n  a low-noise rece iver .  
(3) To p r e s e n t  the  r e s u l t s  of (1) and (2) above i n  gene ra l  
form s u i t a b l e  f o r  u s e  i n  p red ic t ing  the  p r o b a b i l i t y  of 
i n t e r f e r e n c e  i n  ground s a t e l l i t e  s t a t i o n s  from other 
terrestrial  s t a t i o n s ,  and v i c e  versa ,  by c o r r e l a t i n g  
(a) meteoro logica l  d a t a ;  (b) s i t e  parameters, both 
phys ica l  and electrical; (c) t h e  e f f e c t s  of i n t e rven ing  
I t  
* 
See Statement of Work under Contract NASr-49(23) . 
'The concept of express ing  p r e c i p i t a t i o n  s c a t t e r  i n  terms of an i n t e r -  
f e r e n c e  temperature is  d i s c u s s e d  i n  Sec t ion  I I A .  
2 
I . 
I 
I 
I . t e r r a i n ;  and t o  recommend c r i t e r i a  t o  minimize o r  
e l i m i n a t e  t h e  i n t e r f e r e n c e  due t o  p r e c i p i t a t i o n  
s c a t t e r i n g .  11 
Task (1) s p e c i f i e s  a s e l e c t e d  s t a t i o n  i n  the n o r t h e a s t e r n  United 
S t a t e s .  This  area was chosen because it i s  w e l l  covered by weather r ada r s  
and has many r e p o r t i n g  weather s t a t i o n s .  Furthermore, t h e  U.S. t e rmina l  
f o r  t h e  TELSTAR s a t e l l i t e s  is loca ted  the re ,  so  t h a t  the r e s u l t s  would 
have some immediate a p p l i c a t i o n .  To t h i s  end, d a t a  from Por t land ,  Maine, 
have been u t i l i z e d  ex tens ive ly  i n  t h i s  study. 
B. SUMMARY 
Forward scatter of r a d i a t i o n  from a d i s t a n t  t r a n s m i t t e r  i n t o  t h e  
antenna beam of a r e c e i v e r  due t o  p r e c i p i t a t i o n  i n  the common volume has 
been recognized as a sou rce  of p o t e n t i a l  i n t e r f e r e n c e  i n  communications. 
This  p r e c i p i t a t i o n - s c a t t e r  i n t e r f e r e n c e  has been expressed i n  terms of an 
i n t e r f e r e n c e  temperature,  and t h e  important p r e c i p i t a t i o n  parameters have 
been def ined .  Models w e r e  cons t ruc ted  us ing  t h e  r e s u l t s  of a v a i l a b l e  
radar s t u d i e s  t o  relate s u r f a c e  p r e c i p i t a t i o n  rates t o  t h e  h o r i z o n t a l  and 
v e r t i c a l  p r e c i p i t a t i o n  i n t e n s i t y  p r o f i l e s  w i t h  a g iven  s u r f a c e  r a i n f a l l  
rate.  Based on these models and d a t a  on observed r a i n f a l l  a s  recorded by 
U.S.  Weather Bureau obse rve r s  a t  Portland, Maine, and r a d a r  d a t a  from MIT 
(Cambridge, Massachusetts) ,  p robab i l i t y  d i s t r i b u t i o n s  of i n t e r f e r e n c e  
tempera tures  t h a t  could be expected i n  the N e w  England a r e a  w e r e  prepared. 
T h e  p r o b a b i l i t y  d i s t r i b u t i o n s  of i n t e r f e r e n c e  temperature were pre- 
pared fo r  each season of t h e  year w i t h  the  assumption t h a t  t he  i n t e r f e r i n g  
s i g n a l  w a s  p re sen t  above va r ious  s p e c i f i c  l e v e l s .  These i n t e r f e r e n c e  
tempera tures  were compared w i t h  expected sky temperatures.  
A l s o ,  a comparison was made of probable i n t e r f e r e n c e  temperatures a t  
o t h e r  p o t e n t i a l  sites wi th  those  a t  Por t land ,  Maine. This  comparison was 
based on t h e  seasona l  d i s t r i b u t i o n  of p r e c i p i t a t i o n  and the  probable ver -  
t i c a l  e x t e n t  of p r e c i p i t a t i o n  a t  o t h e r  l o c a t i o n s .  
3 
C . CONCLUSIONS 
With t h e  assumption of an i n t e r f e r i n g  s i g n a l  of one picowatt  pe r  
square meter per cyc le  per  second, i t  was found t h a t  i n t e r f e r e n c e  t e m -  
pe ra tu re s  a t  Port land,  Maine, would range from 10 K t o  10 K. The lower 
value would be exceeded seve ra l  days per month dur ing  a l l  seasons of t h e  
year,  while t he  h igher  value would be exceeded only about 5 minutes 
during t h e  summer and f a l l  months, when t h e  antenna e l e v a t i o n  angle  w a s  
c lo se  t o  the  horizon and t h e  i n t e r f e r i n g  s i g n a l  w a s  p resent  a t  a l l  l e v e l s .  
When the  i n t e r f e r i n g  s i g n a l  w a s  only present  above r e l a t i v e l y  high l e v e l s ,  
t he  i n t e r f e r e n c e  temperature was nonexis tent .  The c r i t i c a l  l e v e l s  were: 
winter ,  6 km; spr ing,  8 k m ;  summer, 14 km; and f a l l ,  8 km. 
0 6 
Comparison of i n t e r f e r e n c e  temperatures and s k y  temperatures showed 
t h a t  s e v e r a l  days each month of each season the  former w i l l  exceed the  
l a t t e r .  A s  i nc reas ing ly  s h o r t e r  time per iods a r e  considered, t he  i n t e r -  
fe rence  temperatures  g r e a t l y  exceed the sky temperatures .  For example, 
sky  temperatures probably would not exceed 10  K even a t  low e l e v a t i o n  
angles  dur ing  in t ense  thunderstorms i n  Ju ly ,  while i n t e r f e r e n c e  tempera- 
t u r e s  could exceed 10 K.  
3 
6 
Comparison of t h e  climatology of o ther  a reas  w i t h  t h a t  a t  Port land,  
Maine, shows t h a t  t h e r e  a r e  a reas  t h a t  would have q u i t e  d i f f e r e n t  proba- 
b i l i t y  d i s t r i b u t i o n s  of i n t e r f e r e n c e  temperature. Some p a r t s  of t he  
United S t a t e s ,  notably the  nor th  c e n t r a l  Midwest, have very l i t t l e  winter- 
t i m e  p r e c i p i t a t i o n ,  and up t o  30 percent of t he  annual p r e c i p i t a t i o n  may 
be i n  t h e  form of snow, which w i l l  produce very low i n t e r f e r e n c e  tempera- 
tures .  Other areas, e.g. ,  t he  P a c i f i c  Coast region,  have p r a c t i c a l l y  no 
summertime p r e c i p i t a t i o n  and therefore  would have very l i t t l e  
p r e c i p i t a t i o n - s c a t t e r  i n t e r f e rence  during t h e  w a r m e r  half-year .  The 
maximum p r e c i p i t a t i o n - s c a t t e r  i n t e r f e rence  would be i n  loca t ions  l i k e  t h e  
Gulf Coast area of t he  U a t e d  S t a t e s ,  where t h e r e  i s  much p r e c i p i t a t i o n  
each month and the  major i ty  of t h i s  p r e c i p i t a t i o n  i s  of t he  convective 
type,  extending t o  q u i t e  high a l t i t u d e s  s i n c e  t h e  a rea  has a high t r o p i -  
c a l  tropopause.  
4 
Additional s t u d i e s  are  required, e spec ia l ly  those  u t i l i z i n g  
quant i tat ive  radar data a t  a number of locat ions ,  f o r  a more accurate 
descr ipt ion of the  three-dimensional d is tr ibut ion of prec ip i ta t ion .  
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I1 DETERMINATION OF MAGNITUDES OF 
PRECI PI TATION-SCATTER INTERFERENCE 
A. PRECIPITATION SCATTER AS AN INTERFERENCE TEMPERATURE 
For cons ide ra t ion  of t h e  problem of p r e c i p i t a t i o n  s c a t t e r  i t  has  
been found u s e f u l  t o  in t roduce  t h e  concept of an e f f e c t i v e  i n t e r f e r e n c e  
temperature,  Ti, defined according t o  
P. = k T. B 7 (1) 1 1 
where P is t h e  mean power l e v e l  of t h e  i n t e r f e r i n g  s i g n a l ,  k is  
Boltzmann's cons tan t ,  and B i s  t h e  bandwidth of t h e  i n t e r f e r i n g  s i g n a l .  
I n t e r f e r e n c e  temperature T i s  d i r e c t l y  comparable t o  T t h e  r e c e i v e r  
n o i s e  temperature, and T t h e  sky temperature, which o r d i n a r i l y  are 
used t o  spec i fy  t h e  performance of s e n s i t i v e  r e c e i v e r  sys tems.  
i 
i n' 
s' 
Consider a r ece iv ing  antenna w i t h  a narrow uniform beam d i r e c t e d  
i n t o  an a r r a y  of p r e c i p i t a t i o n  p a r t i c l e s  s c a t t e r i n g  i s o t r o p i c a l l y  wi th  
c r o s s  s e c t i o n  ?l p e r  u n i t  volume and i l lumina ted  by uniform r a d i a t i o n  of 
i n t e n s i t y  p' p e r  u n i t  a r e a  pe r  u n i t  bandwidth. 
power is  given by 
The received i n t e r f e r i n g  
P. = - P'BA2 rT dl 
4rr 0 1 
, 
where A is  t h e  wavelength and 1 denotes d i s t a n c e  along t h e  beam. 
By combining Eqs. (1) and (2), one can w r i t e  
The presence of A2 i n  t h e  numerator of Eq. (3) does not  mean t h a t  
T. decreases with frequency, s i n c e  i s  a l s o  frequency-dependent. I n  
t h e  Rayleigh region, v a r i e s  a s  t h e  f o u r t h  power of t h e  frequency--i.e.,  
as 1 . 
1 
-4 
6 
It is useful to assume a standard value of p' to derive a standard- . -12 -2 ized T A convenient value for p' is 10 Watts m sec (1 picowatt per 
square meter per cycle per second). With this standard value of inter- 
fering power and a wavelength of 5 cm, Eq. (3) becomes 
i' 
The solution of this equation requires the distribution of 7 along 
the antenna path. This distribution will depend on the type and inten- 
sity of the precipitation. 
Meteorologists generally divide precipitation into two categories: 
(1) the widespread, relatively continuous stratiform type of precipita- 
tion wherein large areas experience roughly the same precipitation over 
relatively long time periods; and (2) localized convective precipitation 
that brings brief scattered showers for relatively short periods of time. 
These two types are distinctly different in their precipitation-scatter 
effects because of unique distributions of particle size and state of 
water. The continuous precipitation is generally less intense and has a 
well-marked transition between liquid water at low levels and frozen 
water at the higher levels. Convective precipitation has variations in 
particle size distribution, both in the horizontal and the vertical, that 
must be considered. Available studies of these two types of precipita- 
tion have been examined and useful material summarized to formulate models 
of the scattering cross sections of continuous and convective 
precipitation. 
B. CONTINUOUS PRECIPITATION 
1. Scattering Cross Sections 
To evaluate the term T\dl given in Eq. (4) it is necessary to 
know the vertical extent of the precipitating column and the variations 
of T\ with altitude. A number of radar measurements of vertical profiles 
of reflectivity in continuous precipitation have been made. Figure 1 
shows 18 profiles presented by Wexler and A~stin.~ 
been superimposed about the 0' isotherm, since the profiles would be 
expected to show major discontinuities at this level. The profiles 
These profiles have 
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show some v a r i a t i o n s ,  but t h e r e  is a consistency ev iden t  i n  t h e  shapes 
wi th  b a s i c a l l y  only a h o r i z o n t a l  displacement dependent on r a i n f a l l  rate. 
I Figure  2 is  a model r e f l e c t i v i t y  p r o f i l e  der ived  from t h e  curves  i n  F ig .  
1. This  model has s e v e r a l  c h a r a c t e r i s t i c s  t h a t  a r e  worth mentioning. 
F i r s t ,  t h e  r e f l e c t i v i t y  i s  uniform up t o  an  a l t i t u d e  j u s t  below t h e  0" 
isotherm. Second, t h e r e  i s  an i n c r e a s e  i n  r e f l e c t i v i t y  through t h e  
mel t ing  l a y e r  ( t h e  so-called r a d a r  b r igh t  band) where water-coated snow- 
f l a k e s  s c a t t e r  more s t r o n g l y  than e i t h e r  ra indrops  or  snow c r y s t a l s .  
F i n a l l y ,  t h e r e  is  a uniform decrease  i n  r e f l e c t i v i t y  f o r  an a l t i t u d e  
i n t e r v a l  of some 5 km above t h e  melting l e v e l .  This  model of t h e  back- 
s c a t t e r  c r o s s  s e c t i o n  i n  and above t h e  melting l e v e l  r e l a t i v e  t o  t h a t  i n  
t h e  r a i n  below t h e  b r i g h t  band is  q u i t e  u s e f u l ,  i n  t h a t  t h e  backsca t t e r  
from t h e  r a i n  can i n  t u r n  be r e l a t e d  t o  t h e  s u r f a c e  r a i n f a l l  r a t e .  The 
r e l a t i o n s h i p  given by Dennis5 i s  
-12 4 1.6 
= 6.9 X 10 f R 9 
where 
-1 7 = backsca t t e r ing  c r o s s  s e c t i o n  p e r  u n i t  volume (m ) 
f = frequency i n  G c  
R = r a i n f a l l  rate i n  mm h r  
-1 
a t  f = 6 G c  
-9 1.6 then  7 = 8.94 x 10 R 
Rela t ionships  between su r face  r a i n f a l l  rates and r ada r  r e f l e c -  
6 t i v i t y  i n  t h e  lowest s c a t t e r i n g  volume have been t e s t e d  by Aus t in ,  
found good agreement if a two-minute t i m e  l a g  was allowed. 
who 
One complication which a r i s e s  i n  t h e  problem of deducing 
forward s c a t t e r i n g  models from radar backsca t te r ing  c r o s s  s e c t i o n s  i s  
t h e  enhanced forward scatter i n  t h e  region of t h e  b r i g h t  band. I n  t h e  
b r i g h t  band, where l a r g e  nonspherical  water-covered snowflakes e x i s t ,  
9 
s c a t t e r i n g  v a r i e s  widely w i t h  s c a t t e r i n g  angle." The  dashed curve  i n  
F ig .  2 r e p r e s e n t s  t h e  i n c r e a s e  i n  the  forward d i r e c t i o n .  Both curves  
i n  F ig .  2 are  f o r  t h e  c a s e  wherein t h e  r e c e i v i n g  an tenna ' s  p o l a r i z a t i o n  
i n  a l igned  w i t h  t h a t  of t h e  i n t e r f e r i n g  source. 
The r educ t ion  due t o  c ros s -po la r i za t ion  w i l l  depend on the  
r e l a t i v e  numbers of Rayleigh and Mie-type s c a t t e r e r s .  For p e r f e c t l y  
s p h e r i c a l  Rayleight scat ters  there would be no rece ived  cross -polar ized  
s i g n a l .  The b r i g h t  band, however, c o n s i s t s  of r e l a t i v e l y  l a r g e  non- 
s p h e r i c a l  M i e  p a r t i c l e s  which w i l l  d epo la r i ze  t h e  r a d i o  waves i n c i d e n t  
on them. As a r e s u l t ,  a cross-polarized component of t h e  scattered 
s i g n a l  w i l l  s t i l l  be present .  This  c ross -polar ized  s i g n a l  was shown by 
Fernald and Dennis7 t o  be  10 t o  25 dB below t h e  s i g n a l  t h a t  would be 
p re sen t  w i t h  l i k e  p o l a r i z a t i o n  i f  t h e  ang le  between t h e  t r a n s m i t t e r  and 
r e c e i v e r  were very  l a r g e  ( c lose  t o  180 degrees) .  
To conver t  from t h e  model  of b a c k s c a t t e r i n g  cross s e c t i o n  shown 
i n  Fig.  2 to  i n t e r f e r e n c e  temperatures r equ i r e s ,  as noted previous ly ,  
knowledge of the s u r f a c e  r a i n f a l l  r a t e .  F igu re  3 shows magnitudes of 
i n t e r f e r e n c e  temperature tha t  would be expected due t o  r a d i a t i o n  from an 
i n t e r f e r e n c e  source  of one picowatt  per square  meter p e r  c y c l e  p e r  
second i n c i d e n t  on the p r e c i p i t a t i o n  scatterers i n  the r ece iv ing  antenna 
beam above t h e  l e v e l  i nd ica t ed  on t h e  o r d i n a t e .  Two s p e c i f i c  cond i t ions  
a r e  presented: (1) a v e r t i c a l l y  po in t ing  r ece iv ing  antenna ( s o l i d  curve) ,  
where t h e  s c a t t e r i n g  i s  a t  an ang le  of approximately 90 degrees w i t h  
r e s p e c t  t o  the i n t e r f e r e n c e  source  over the  hor izon;  and (2) a r ece iv ing  
antenna looking a t  an e l e v a t i o n  angle of 10 degrees above t h e  hor izon  i n  
the d i r e c t i o n  of the i n t e r f e r e n c e  source (dashed curve) where s c a t t e r i n g  
w i l l  be  i n  t h e  forward d i r e c t i o n  a t  an a n g l e  of approximately170 degrees .  
Thus, f o r  a given p r e c i p i t a t i o n  rate, the i n t e r f e r e n c e  temperature f o r  t h e  
second cond i t ion  is  increased  due t o  enhanced s c a t t e r i n g  i n  t h e  forward 
d i r e c t i o n  as w e l l  as t o  t h e  longer  path through t h e  p r e c i p i t a t i o n  a t  t h i s  
lower e l e v a t i o n  angle.  The  f i g u r e  shows t h a t  w i th  even r e l a t i v e l y  low 
r a i n f a l l  r a t e s  and a depth  of p r e c i p i t a t i o n  of 4 k m  below the mel t ing  
l e v e l ,  i n t e r f e r e n c e  temperatures exceed many hundreds of degrees  Kelvin. 
10  

The f r equenc ie s  a t  which va r ious  combinations of r a i n f a l l  r a t e s  and 
h e i g h t s  of mel t ing  l e v e l s  o b t a i n  are discussed below. 
Reported R a i n f a l l  I n t e n s i t y  
2. Frequency 
m m / h r - l  
To use  the model of i n t e r f e r e n c e  tempera tures  from continuous 
p r e c i p i t a t i o n ,  i t  is necessary  t o  know t h e  i n t e n s i t y  of s u r f a c e  p r e c i p i t a  
t i o n  and t h e  he igh t  of t h e  mel t ing  l eve l .  These two i t e m s  a r e  a v a i l a b l e  
i n  weather records  f o r  many weather s t a t i o n s  around t h e  globe. I n  t h i s  
study, data  f o r  Por t land ,  Maine, w e r e  examined t o  e x t r a c t  t he  requi red  
information. F i r s t ,  weather observa t ions  recorded on U.S. Weather Bureau 
Form WBAN-1OB ( a v a i l a b l e  on microfilm) f o r  t h e  months of January, A p r i l ,  
Ju ly ,  and October f o r  t h e  yea r s  1957 t o  1961 were obtained. These forms 
c o n t a i n  obse rva t ions  of t h e  t i m e  t o  t h e  n e a r e s t  minute t h a t  va r ious  types  
and i n t e n s i t i e s  of p r e c i p i t a t i o n  began o r  ended. One l i m i t a t i o n  i s  t h a t  
i n t e n s i t i e s  a r e  i n  broad i n t e r v a l s  des igna ted  a s  l i g h t ,  moderate, o r  
heavy. The l i m i t s  of t h e  i n t e n s i t y  i n t e r v a l s  f o r  s e v e r a l  types  of pre- 
c i p i t a t i o n  are given i n  Table I. 
L i g h t  
Table I 
PRECIPITATION RATES I N  
VARIOUS REPORTED INTENSITY INTERVALS 
Trace  - 2.5 
Moderate 
Heavy 
2.9 - 7.6 
>7.6 
- 
The v e r t i c a l  temperature p r o f i l e ,  t o g e t h e r  wi th  r e l a t i v e  
humidity, is  measured twice d a i l y  by balloon-borne radiosondes. From 
these p r o f i l e s  t h e  h e i g h t  of t h e  zero-degree isotherm, and hence t h e  
me l t ing  l e v e l ,  can be ex t r ac t ed .  
t e n s i t i e s  of r a i n f a l l  a s soc ia t ed  w i t h  v a r i o u s  mel t ing- leve l  a l t i t u d e s  
were e x t r a c t e d  f r o m  the microfilm f o r  the months and years  mentioned 
above and were t abu la t ed  i n  t h e  following form: 
Data on t h e  du ra t ions  of var ious  in -  
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I where 
TT = t h e  hour of t h e  day 
h$,h$, = t h e  a l t i t u d e  of the  mel t ing  l e v e l  
ttt = t h e  d u r a t i o n  i n  minutes 
i = t h e  i n t e n s i t y  i n t e r v a l .  
This in format ion  was placed on punch cards f o r  computer proces- 
s ing .  The computer was a l s o  g iven  t h e  data  from Fig .  3 i n  t a b u l a r  form. 
Thus, t h e  a c t u a l  he igh t  and i n t e n s i t y  of p r e c i p i t a t i o n  could be compared 
w i t h  the model and an i n t e r f e r e n c e  temperature computed f o r  each set  of 
cond i t ions .  
C. CONVECTIVE PR.ECIPITATION 
1. S c a t t e r i n g  Cross Sec t ions  
The convec t ive  type  of p r e c i p i t a t i o n  i s  by d e f i n i t i o n  d i s -  
continuous i n  h o r i z o n t a l  ex ten t .  The p r e c i p i t a t i n g  columns, o r  convec t ive  
cells, c o n s i s t  of a c e n t r a l  c o r e  of more i n t e n s e  r a i n f a l l  w i t h  a r a i n f a l l  
g r a d i e n t  from t h e  maximum va lue  a t  t h e  c e n t e r  t o  a va lue  of ze ro  a t  the 
edge of t h e  cloud. Not a l l  of the convective cells a r e  n e c e s s a r i l y  of 
t h e  same depth over  an a rea ,  and ce l l s  form, grow t o  some maximum size,  
and then  d i s s i p a t e .  A t  any g iven  time, t h e r e f o r e ,  there w i l l  be ce l l s  of 
v a r i o u s  sizes and s t a g e s  of development over  an a rea ,  and each cell  w i l l  
have a d i f f e r e n t  v e r t i c a l  and ho r i zon ta l  p r o f i l e  of r e f l e c t i v i t y .  A 
model must, t h e r e f o r e ,  be expressed i n  terms of cel l  dimensions. Fortu- 
n a t e l y ,  there i s  some r e l a t i o n s h i p  between t h e  h o r i z o n t a l  and v e r t i c a l  
e x t e n t  of convec t ive  cel ls .  Byers and Braham' found t h a t  t h e  d iameter  
w a s  equa l  t o  t h e  he igh t  of the sma l l e r  cells. When the convec t ive  a r e a  
exceeds a c e r t a i n  threshhold ,  the r e l a t i o n s h i p  is no longe r  v a l i d ,  because 
a l t i t u d e s  of tops  above, say  23 km, would probably never occur,  and t h i s  
would correspond to  a diameter of about 22 km. Actual d iameters  of con- 
v e c t i v e  p r e c i p i t a t i o n  (conta in ing  many ind iv idua l  cells) of many t e n s  of 
kilometers a r e  not  uncommon. 
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The model r e l a t i n g  d iameter  and he igh t  t h a t  has  been assumed 
f o r  convec t ive  p r e c i p i t a t i o n  is  shown i n  F ig .  4.  
d iameter  i s  equal  t o  he igh t  up t o  a va lue  of about 15 km. 
d iameter  increases t o  about 20 km, t h e  he igh t  drops t o  about 9 km; the re -  
a f t e r ,  f o r  any pa th  l e n g t h  through t h e  p r e c i p i t a t i o n  t h e  he igh t  remains 
cons t an t  a t  9 km. Although t h i s  model may s e e m  somewhat a r b i t r a r y ,  t h e r e  
a r e  v a l i d  reasons f o r  ou r  acceptance of i t .  
According t o  t h i s  model, 
Then, a s  t h e  
F i r s t ,  a s  d i scussed  above, t h e r e  is an e s t a b l i s h e d  r e l a t i o n s h i p  
between d iameter  and he igh t  up t o  a po in t .  
and Long’’ have shown t h a t  t h e r e  i s  some l i m i t e d  pene t r a t ion  of t h e  
tropopause by t h e  more s e v e r e  (larger) thunderstorms. Thus, a model 
a l lowing  tops  of t h e  la rger -d iameter  convective cells t o  extend above t h e  
mean tropopause (shown on Fig .  4 a t  about 11.5 km) agrees  with observa- 
t i o n s .  F i n a l l y ,  t h e  less seve re  convective a c t i v i t y  ( i . e . ,  more w i d e -  
sp read ) ,  as recognized by t h e  l a c k  of i nd iv idua l  sha rp ly  defined cells ,  
could reasonably be expected not  t o  reach t h e  tropopause l e v e l .  Our  
choice  of a h i g h t  some 2-1/2 km below t h e  tropopause f o r  t h e  widespread 
convec t ive  a c t i v i t y  could probably be  v e r i f i e d  by a d e t a i l e d  s tudy  of 
r a d a r  v e r t i c a l  c r o s s  s e c t i o n s .  
Second, s t u d i e s  by Hanks’et a 1  --
* 
With t h i s  assumed r e l a t i o n s h i p  between h o r i z o n t a l  and v e r t i c a l  
dimensions, t h e  a d d i t i o n a l  information requi red  t o  eva lua te  T)dl is t h e  
v a r i a t i o n s  of 7 a long  any pa th  1 through t h e  convective p r e c i p i t a t i o n .  
Dennis’’ expressed t h e  ho r i zon ta l  v a r i a t i o n  of r e f l e c t i v i t y  
through t h e  co re  of a c y l i n d r i c a l  model shower as 
2.5 Z’  = c(ro-r)  J 
* 
see Sec. VB2 f o r  a d i scuss ion  of t he  v e r t i c a l  e x t e n t  of convec t ive  
P r e c i p i t a t i o n  r e l a t i v e  t o  t h e  tropopause. 
1 4  
FIG. 4 RELATIONSHIP BETWEEN HORIZONTAL AND VERTICAL 
EXTENT OF CONVECTIVE PRECIPITATION 
%(SHOWER RADIUS)- km 
4 
9 6 
FIG. 5 HORIZONTAL AND VERTICAL VARIATIONS OF 
BACKSCATTERING CROSS SECTION OF A SHOWER 
1 5  
where 
z ’  = 
r =  
r =  
0 
equ iva len t  r ada r  r e f l e c t i v i t y  
shower r a d i u s  
d i s t a n c e  from c e n t e r  of shower. 
A t  a frequency of 6 G c ,  t h e  backsca t t e r ing  c r o s s  s e c t i o n  p e r  u n i t  volume 
is  then  
-8 I -8 2.5 7 = 4.57 x 10 z = 4.57 x 10 c( ro- r )  (7) 
This  model was extended t o  cover t h e  v e r t i c a l  p r o f i l e s  of 7. The lower 
ha l f  of t h e  shower was assumed c y l i n d r i c a l ,  wi th  7 varying r a d i a l l y  a s  
i n  Eq. 
aga in  vary ing  r a d i a l l y  as i n  Eq. (6) ( see  Fig.  5). 
(6), and t h e  upper h a l f  was assumed t o  be dome shaped, wi th  7 
I n  t h e  s imples t  example, where i n t e r f e r e n c e  r e s u l t s  from 
s c a t t e r i n g  a long  t h e  e n t i r e  pa th  h o r i z o n t a l l y  through t h e  lower h a l f  of 
t h e  shower, s u b s t i t u t i o n  of Eq. (7) i n t o  Eq. (4) g ives  
0 
T. = 0.376 C r  3.5 
1 0 
Dennis’’ found t h a t  c = 120 f i t s  q u i t e  w e l l  t h e  r e f l e c t i v i t y  va lues  
w i t h i n  showers i n  t r o p i c a l  a i r  masses, r e g a r d l e s s  of geographical loca-  
t i o n .  F o r  c a s e s  where t h e  he igh t  of t h e  shower, H, i s  assumed equal  t o  
t h e  d i ame te r  of t h e  shower, L, 
T. = 4.05 H 3.5 ( 9) 
1 
TO account f o r  l onge r  pa ths  through showers where L > H, t h e  above ex- 
p r e s s i o n  is mul t ip l i ed  by t h e  r a t i o  L/H, g iv ing  t h e  bas i c  express ion  
16 
f o r  t h e  i n t e r f e r e n c e  temperature from showers of 
To account f o r  t h e  v a r i e t y  of s i t u a t i o n s  which do occur,  such 
a s  pa th  l e n g t h s  through t h e  dome of t he  shower where 7 no longe r  v a r i e s  
as i n  Eq. (7), o r  when only  a f r a c t i o n  of t h e  t o t a l  pa th l eng th  through 
t h e  shower i s  c o n t r i b u t i n g  noise ,  t h e  bas i c  express ion ,  Eq. ( l ) ,  must be 
modified. Th i s  i s  given i n  d e t a i l  i n  t h e  appendix. 
2. Frequency 
Convective p r e c i p i t a t i o n  presented much more of a problem than 
continuous p r e c i p i t a t i o n .  Continuous p r e c i p i t a t i o n  l a s t s  many hours a t  
a g iven  s i te ,  so t h a t  t h e  s h o r t  t i m e  a l a r g e  a r e a  was approaching o r  
r e t r e a t i n g  from t h e  s t a t i o n  was n e g l i g i b l e  compared t o  t h e  t i m e  it was 
ove r  t h e  s t a t i o n .  With convec t ive  p r e c i p i t a t i o n ,  numerous cells  could 
be i n  t h e  v i c i n i t y  of t h e  s i t e ,  and t h e  t i m e  cel ls  a c t u a l l y  over  t h e  
s i te  would be very  small  compared t o  t h e  t i m e  cells  wi th in  i n t e r f e r i n g  
range. Thus, d a t a  collected a t  a given l o c a t i o n  where t h e  weather 
obse rve r  records  only what is  happening ove r  h i s  r a i n  gage do no t  ade- 
q u a t e l y  d e s c r i b e  t h e  t r u e  p i c t u r e  of convective a c t i v i t y .  To s o l v e  t h e  
problem of t h e  frequency wi th  which convective p r e c i p i t a t i o n  might be 
wi th in  an a r e a  but no t  ove r  a s p e c i f i c  s i te ,  r a d a r  d a t a  w e r e  examined. 
These r a d a r  data ,  c o l l e c t e d  a t  a s i t e  i n  t h e  N e w  England a rea ,  showed 
t h e  d i s t r i b u t i o n  and h o r i z o n t a l  dimensions of a l l  p r e c i p i t a t i o n  a r e a s  
wi th in  a r ad ius  of t h e  s t a t i o n  t h a t  varied according t o  t h e  range a t  
which t h e  d i s p l a y  was being photographed. 
t h e  SCR/615-B and AN/CPS-9 r ada r s  a t  MIT i n  Cambridge, Massachusetts. 
The wavelengths of t h e  two sets a r e  10 and 3.2 c m  (3 and 0.2 Gc), 
r e s p e c t i v e l y .  Generally,  t h e  photographed range w a s  120 nm, and t h e  
i n p u t  t o  t h e  photographed scope was from t h e  SCR-615-B. On a few 
occas ions ,  however, t h e  CPS-9 d i sp lay  w a s  photographed on ranges ou t  
t o  400 s t a t u t e  m i l e s .  
The d a t a  examined were from 
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The method of s e l e c t i n g  and analyzing s p e c i f i c  PPI photographs 
was a s  follows. The a v a i l a b l e  r ada r  data were examined, and t h e  t i m e s  
and du ra t ions  of per iods when shower-type p r e c i p i t a t i o n  was on the  radar-  
scope were tabula ted .  From t h i s  t abu la t ion ,  photographs were chosen f o r  
each of f o u r  d a i l y  t i m e  per iods  f o r  each month for which d a t a  e x i s t e d ,  
from t h e  months May, June, J u l y ,  and August i n  t h e  years  1952, 1953, and 
1955. Each selected photograph was examined a t  10  randomly selected 
azimuths. These azimuths were se l ec t ed  by d iv id ing  t h e  circle surrounding 
t h e  s t a t i o n  i n t o  t h r e e  120 degree sectors with boundaries a t  060, 180, and 
300 degrees.  Two azimuths were se lec ted  i n  the 060-to-180-degree s e c t o r ,  
and f o u r  each f r o m  t h e  remaining t w o  s ec to r s .  This  weighting was made 
because the 060-to-180-degree sector is pr imar i ly  over  water, where 
shower behavior would be d i f f e r e n t  than over  land. The azimuths were 
generated by sequen t i a l ly  s e l e c t i n g  three-d ig i t  numbers from a t a b l e  of 
random numbers, mul t ip ly ing  each number by 0.120 and adding i t  t o  t h e  
i n i t i a l  angular  va lue  of t h e  s e c t o r  within which the azimuth was t o  be 
loca ted .  
I n  add i t ion ,  a po in t  was se lec ted  on each azimuth between 20 
and 80 nm by sequen t i a l ly  selecting add i t iona l  random numbers from the 
t a b l e  ( r e j e c t i n g  those numbers less than 20 o r  g r e a t e r  than 80) and 
a s s ign ing  t h e  numbers a s  ranges on the  var ious  azimuths. 
Along each se l ec t ed  azimuth on each selected photograph, the 
d i s t a n c e  t o ,  and path l eng th  through, any p r e c i p i t a t i o n  was tabula ted .  
I n  add i t ion ,  a YES or  NO was recorded a s  t o  whether there w a s  p r e c i p i t a -  
t i o n  ove r  the t e n  selected poin ts .  
A t o t a l  of 139 photographs were examined; thus ,  da t a  were 
recorded f o r  1390 azimuths. 
t he  pa th  l eng th  through convect ive p r e c i p i t a t i o n .  Figure 6 shows a 
PPI photograph of shower p rec ip i t a t ion ,  t oge the r  w i t h  t he  selected 
azimuths and poin ts .  
These data w e r e  used a s  es t imates  of 1, 
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The t o t a l  t i m e  there was p r e c i p i t a t i o n  over  a po in t ,  o r  w i th in  
an a rea  surrounding t h e  poin t ,  was estimated by combining t h e  po in t  da t a  
from Port land,  Maine, wi th  t h e  a r e a l  radar  da ta .  The Portland d a t a  pro- 
vided t h e  dura t ion  of both continuous and shower-type p r e c i p i t a t i o n  a t  
t h e  s i te .  The r ada r  d a t a  provided knowledge of t he  frequency with which 
t h e r e  was a shower over  a s p e c i f i c  point  when there were showers i n  an 
a rea .  These t w o  b i t s  of knowledge on showers can be combined by w r i t i n g  
where 
= t i m e  showers occur 
TS 
T = t o t a l  t i m e  
T = t i m e  t h e r e  are showers a t  a po in t .  
SP 
The numerator T /T is evaluated f r o m  t h e  Port land poin t  da t a  by d iv id ing  
the du ra t ion  of showers by the l eng th  of record examined. The denominator 
T /T is determined f r o m  the  radar  by eva lua t ing  the  ra t io  of t h e  number 
of t i m e s  a po in t  on the radarscope photograph had echo t o  the t o t a l  num- 
-3er of p o i n t s  on t h e  radarscope photographs t h a t  were examined. 
SP 
SP s 
As numerical examples: 
T 
- =  sp 8953 = 0.041 
T 223,200 
- = - -  Isp ;;Eo - 0.119 
TS 
Ts 0.041 - = -= 0.345 
T 0.119 
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Thus, while there are showers over the point 4 . 1  percent of the t i m e ,  
there are showers within interfering range 34.5 percent of the t i m e .  
21 
I11 PROBABILITY DISTRIBUTIONS OF INTERFERENCE TEMPERATURE 
A .  INTRODUCTION 
Based on t h e  s c a t t e r i n g  c ross -sec t ion  models and d a t a  on t h e  f r e -  
quency of occurrence of va r ious  types  and r a t e s  of p r e c i p i t a t i o n ,  proba- 
b i l i t y  d i s t r i b u t i o n s  of i n t e r f e r e n c e  temperature were c a l c u l a t e d  by a 
B 5500 computer. The computations were made f o r  t h e  months of January 
(winter) ; A p r i l  ( spr ing)  ; J u l y  (summer) ; and October ( f a l l ) .  For each 
month, t h e  day was divided i n t o  f o u r  t i m e  per iods ,  i n  a d d i t i o n  t o  t h e  
computation f o r  t h e  e n t i r e  day. The t i m e s  of day t h a t  were examined 
were t h e  pe r iods  con ta in ing  t h e  hours ending 01 t o  06, 07 t o  12, 13  t o  
18, and 1 9  t o  24 EST. For  each month and each t i m e  per iod ,  computations 
were made both when t h e  i n t e r f e r i n g  s i g n a l  was p re sen t  a t  a l l  l e v e l s  and 
when it  was only p re sen t  above a l t i t u d e s  of 2, 4, 6, 7, 8, 9 , 1 0 ,  11, 12, 
13, 1 4  km. I n  add i t ion ,  computations were made f o r  an antenna po in t ing  
a t  t h e  z e n i t h  a s  w e l l  a s  10  degrees above t h e  hor izon .  Addi t iona l  ang le s  
of 2.5 and 5 degrees above t h e  horizon were a l s o  computed f o r  J u l y .  
The c a l c u l a t e d  va lues  of i n t e r f e r e n c e  temperature f o r  a l l  t h e  com- 
b i n a t i o n s  of cond i t ions  mentioned above were obta ined  from t h e  computer, 
expressed a s  t h e  percent  of t i m e  t h e  i n t e r f e r e n c e  temperature was g r e a t e r  
than  loo,  lo1, ..., 10 K. 
Figs .  7 t o  10.  The f i g u r e s  a l s o  con ta in  a curve  of estimated p r o b a b i l i t y  
d i s t r i b u t i o n s  of sky temperatures.  These sky temperatures a r e  d iscussed  
i n  Sec. I V  of t h e  r e p o r t .  
6 
Plo t t ed  curves of t h e s e  d a t a  a r e  shown i n  
B. VARIATIONS I N  INTERFERENCE TEMPERATURES 
1. V a r i a t i o n s  Due to  Height of I n t e r f e r i n g  S ignal  
and E leva t ion  Anale 
F igure  7 shows t h e  p r o b a b i l i t y  d i s t r i b u t i o n  of i n t e r f e r e n c e  
tempera ture  f o r  w in te r  (January). During t h i s  month an i n t e r f e r i n g  
s i g n a l  extending t o  t h e  s u r f a c e  w i l l  r e s u l t  i n  an i n t e r f e r e n c e  tempera- 
t u r e  i n  excess  o f 1 0  K some 12 percent of t h e  t i m e  ( see  F ig .  7a ) .  
0 
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Approximately one hour  p e r  month, a v e r t i c a l l y  p o i n t i n g  antenna w i l l  
experience an i n t e r f e r e n c e  temperature of 10 K. When the i n t e r -  
f e r i n g  s i g n a l  is  only p r e s e n t  above 6 km, the  comparative va lues  drop 
t o  a v a l u e o f 1 0  K one-half of one percent  of t he  t i m e ,  and t h e  i n t e r -  
f e rence  temperature exceeded one hour p e r  month i s  reduced t o  10 K. 
When the antenna e l e v a t i o n  i s  10 degrees above the hor izon  (Fig. 7b),  
i n t e r f e r e n c e  temperatures are approximately one o r d e r  of magnitude h ighe r  
f o r  any g iven  percent  of the t i m e .  There is s t i l l  no measurable i n t e r -  
f e r e n c e  temperature when the i n t e r f e r e n c e  source  i s  above 6 k m ,  s i n c e  
t h e  mean he igh t  of t h e  mel t ing  l e v e l  is below t h e  s u r f a c e  ( su r face  t e m -  
p e r a t u r e  below f r e e z i n g ) ,  and the r a t e s  of p r e c i p i t a t i o n  are r e l a t i v e l y  
low. Thus, t h e  p o r t i o n  of Fig. 3 t h a t  i s  important i n  computing i n t e r -  
f e rence  temperatures i s  i n  the upper l e f t ,  i .e.,  above t h e  mel t ing  l e v e l  
and w i t h  p r e c i p i t a t i o n  rates a t  t h e  lower end of t h e  ind ica t ed  va lues .  
4 
0 
1 
Figure  8 shows p r o b a b i l i t y  d i s t r i b u t i o n s  of i n t e r f e r e n c e  t e m -  
p e r a t u r e  f o r  s p r i n g  (Apr i l ) .  I n  F ig .  8a, where i t  is assumed t h a t  t he  
antenna i s  pointed a t  the  zen i th ,  i n t e r f e r e n c e  temperatures w i l l  exceed 
10 Kabout 12 percent  of t h e  t i m e ,  and a va lue  10 K w i l l  be exceeded 
about one hour p e r  month. During t h i s  month, there is a p o t e n t i a l  i n t e r -  
f e r e n c e  temperature of 10  K less than  one hour p e r  month when the  i n t e r -  
f e r i n g  source  is above 8 k m .  
0 4 
0 
With the antenna pointed 10 degrees above the horizon, a l l  
i n t e r f e r e n c e  temperatures a r e  aga in  about one o r d e r  of magnitude g r e a t e r  
f o r  any given percent  of t h e  t i m e  when  the  i n t e r f e r i n g  s i g n a l  extends 
t o  low l e v e l s .  A t  t h i s  ang le  t h e  path l e n g t h  through t h e  l i g h t e r  pre-  
c i p i t a t i o n  a t  h ighe r  l e v e l s  is s u f f i c i e n t  f o r  i n t e r f e r e n c e  a l a r g e r  
percent  of the t i m e ,  even when the  i n t e r f e r i n g  source  is about 8 km. 
F igure  9 shows p r o b a b i l i t y  d i s t r i b u t i o n s  of i n t e r f e r e n c e  t e m -  
p e r a t u r e  dur ing  summer ( Ju ly) .  Figure 9a, f o r  t h e  antenna a t  t h e  zen i th ,  
shows an  i n t e r f e r e n c e  temperature of 10' K about 8 percent  of t h e  t i m e  
when the  i n t e r f e r i n g  s i g n a l  is down t o  the s u r f a c e ;  and w i t h  t h e  same 
l e v e l  of i n t e r f e rence ,  t h e  f i g u r e  shows an i n t e r f e r e n c e  temperature of 
10 
4 K, 6 X 10-1 percent  of t h e  t i m e .  The  curves f o r  i n t e r f e r i n g  s i g n a l  
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I a t  va r ious  l e v e l s  are q u i t e  c l o s e l y  spaced, e s p e c i a l l y  f o r  smal l  per-  
3 
centages  of the t i m e ,  and show t h a t  i n t e r f e r e n c e  temperatures of 10 K 
could be experienced even when t h e  i n t e r f e r i n g  s i g n a l  is  above 1 4  km. 
I 
I 
With t h e  antenna aimed 10  degrees above the hor izon ,  t h e  proba- 
b i l i t y  d i s t r i b u t i o n  is somewhat d i f f e r e n t  than  wi th  t h e  antenna a t  t h e  
z e n i t h .  The pe rcen t  of t i m e  the i n t e r f e r e n c e  temperature w i l l  exceed 
0 
, 10 K is increased  t o  12 percent  when the  i n t e r f e r i n g  source  is  a t  t h e  
su r face ;  but t h e  spac ing  between curves f o r  d i f f e r e n t  a l t i t u d e s  of i n t e r -  
f e r i n g  s i g n a l  becomes g r e a t e r ,  so t h a t  t h e  percent  of t i m e  there w i l l  be 
measurable i n t e r f e r e n c e  above 1 4  km and the  magnitude of t h i s  i n t e r f e r e n c e  
i s  decreased. 
With an antenna e l e v a t i o n  of 5 degrees above t h e  hor izon  (Fig.  
0 9c), t h e  percent  of t i m e  t h e  i n t e r f e r e n c e  temperature exceed10 K in- 
creases t o  17  percent  (whenh = 0) and the  maximum va lues  of i n t e r f e r e n c e  
temperature inc rease ,  but the  l e v e l  above which t h e  i n t e r f e r e n c e  tempera- 
t u r e  could be computed drops t o  12 km. I n  t he  curves f o r  an e l e v a t i o n  
ang le  of 2.5 degrees  above the horizon (Fig. 9d), t h e r e  i s  a f u r t h e r  in -  
crease i n  the percent  of t i m e  that  t h e  i n t e r f e r e n c e  temperature exceeds 
1 K and a l s o  an i n c r e a s e  i n  maximum i n t e r f e r e n c e  temperature ( t o  almost 
10 K ) ,  but the percent  of t i m e  and maximum va lue  of i n t e r f e r e n c e  t e m -  
p e r a t u r e  when the i n t e r f e r i n g  s i g n a l  is above 12  km is  lower than t h a t  
shown by Fig .  9c. The shapes of t h e s e  J u l y  curves a r e  due t o  t he  pre- 
dominence of showers extending t o  r e l a t i v e l y  h igh  a l t i t u d e s .  They imply 
tha t  when the i n t e r f e r i n g  s i g n a l  i s  present  a t  r e l a t i v e l y  low l e v e l s  
(say, less than 6 k m ) ,  t h e  i n t e r f e r e n c e  t e m p e r a t u r e  w i l l  be q u i t e  h igh;  
t h a t  is, it w i l l  exceed 10  K nea r ly  as f r equen t ly  a s  it w i l l  exceed 
0 
10 K. Th i s  causes  t h e  c u r v e s  t o  r i s e  very s t e e p l y .  The changes i n  t h e  
curves  as t h e  e l e v a t i o n  ang le  is  var ied  toward t h e  hor izon  is d u e  i n  p a r t  
t o  i n t e r c e p t i o n  of more of t h e  convective cells a t  long ranges, which 
i n c r e a s e s  t h e  maximum i n t e r f e r e n c e  temperatures and i n c r e a s e s  t h e  per- 
c e n t  o f  t i m e  a given i n t e r f e r e n c e  temperature w i l l  be exceeded, and i n  
p a r t  t o  t h e  f a c t  t h a t  when an i n t e r f e r i n g  s i g n a l  is  p resen t  only above 
h igh  a l t i t u d e s  (say, 12  k m ) ,  the  antenna beam through a shower may be 
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w e l l  below tha t  l e v e l ,  caus ing  a decrease i n  t h e  maximum i n t e r f e r e n c e  
temperatures computed f o r  t he  i n t e r f e r i n g  s i g n a l  above selected l e v e l s  
only. 
F igu re  10a shows p r o b a b i l i t y  d i s t r i b u t i o n s  of i n t e r f e r e n c e  
temperature wi th  the antenna pointed a t  the  z e n i t h  i n  October. When t h e  
i n t e r f e r i n g  source  ex tends  t o  t h e  su r face ,  an i n t e r f e r e n c e  t e m p e r a t u r e  
o f 1 0  K i s  exceeded 15 percent  of t h e  t i m e .  Maximum i l l u s t r a t e d  va lues  
are close t o  10 K.  The p r e c i p i t a t i o n  ex tends  t o  s u f f i c i e n t l y  h igh  
a l t i t u d e s  dur ing  t h i s  month t o  produce s i g n i f i c a n t  i n t e r f e r e n c e  tempera- 
tu res ,  even when the i n t e r f e r i n g  s i g n a l  is above 8 km. 
0 
5 
When t h e  antenna e l e v a t i o n  is  10 degrees  above t h e  hor izon  
(Fig. l ob ) ,  t h e  i n t e r f e r e n c e  temperatures f o r  any given percent  of t he  
t i m e  a r e  one o r d e r  of magnitude g r e a t e r  than  when t h e  antenna i s  pointed 
a t  t he  z e n i t h .  The c l o s e  spac ing  of t h e  curves f o r  an i n t e r f e r i n g  s i g -  
n a l  a l t i t u d e  of 0 and 2 k m  is  a r e f l e c t i o n  of t h e  f a c t  t h a t  the b r i g h t  
band is  gene ra l ly  above 2 km, and the re fo re ,  according t o  Fig.  4 ,  there 
would be l i t t l e  d i f f e r e n c e  between t h e  two l e v e l s .  
2 .  V a r i a t i o n s  w i t h  Season and T i m e  of Day 
Dif fe rences  of i n t e r f e r e n c e  temperatures among t h e  f o u r  seasons,  
i l l u s t r a t e d  i n  F igs .  7 t o  10, should be r e l a t e d  t o  d i f f e r e n c e s  i n  t h e  
v e r t i c a l  ex ten t ,  type,  and i n t e n s i t y  of p r e c i p i t a t i o n  during t h e  f o u r  
seasons.  To f a c i l i t a t e  a comparison, d a t a  from the f o u r  months were re- 
p l o t t e d  t o  show the comparative i n t e r f e r e n c e  temperature exceeded (when 
t h e  i n t e r f e r i n g  source  i s  above var ious  l e v e l s )  f o r  va r ious  percentages 
of t i m e .  F igure  11 shows the  i n t e r f e r e n c e  temperature exceeded one day  
p e r  month f o r  each season. This curve w a s  cons t ruc ted  by examination of 
F igs .  7 t o  10 and by r e p l o t t i n g  from each f i g u r e  the  va lue  of i n t e r -  
f e r e n c e  temperature a t  the percent  of t i m e  corresponding t o  one day. The 
f i g u r e  shows t h a t  t h e r e  i s  an inc rease  i n  i n t e r f e r e n c e  temperature dur ing  
t h e  warmer p a r t  of t h e  year.  This inc rease  i s  even more pronounced a t  an 
antenna e l e v a t i o n  of 10  degrees above t h e  horizon. The e f f e c t  of t he  
greater v e r t i c a l  ex ten t  of summer t ime p r e c i p i t a t i o n  is  e s p e c i a l l y  no t i ce -  
able f r o m  a comparison of i n t e r f e r i n g  s i g n a l s  above va r ious  l e v e l s .  I n  
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FIG. 10 PROBABILITY DISTRIBUTION OF INTERFERENCE TEMPERATURES AT 
PORTLAND, MAINE, IN OCTOBER 
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Fig .  l l b ,  f o r  example, when the  i n t e r f e r i n g  s i g n a l  p re sen t  is only  above 
I 4 k m ,  t h e  r e s u l t i n g  i n t e r f e r e n c e  temperatures a r e  r e l a t i v e l y  low--except 
I i n  Ju ly ,  when they are comparable t o  those  obtained when t h e  i n t e r f e r i n g  
s i g n a l  extends t o  the su r face .  
When one cons ide r s  t h e  seasonal  v a r i a t i o n s  of i n t e r f e r e n c e  t e m -  
p e r a t u r e s  exceeded one hour p e r  month (Fig. 12a),  t h e  p i c t u r e  changes 
somewhat. The seasonal  d i f f e r e n c e  i n  maximum i n t e r f e r e n c e  temperature is 
less, but July s t i l l  has much h ighe r  va lues  when t h e  i n t e r f e r i n g  s i g n a l  
is  restircted t o  h ighe r  l e v e l s .  A t  an e l e v a t i o n  angle  of 10  degrees  
(Fig. 12b), t he  maximum i n t e r f e r e n c e  temperature, when t h e  i n t e r f e r i n g  
s i g n a l  extends t o  t h e  su r face ,  i s  comparable t o  t h a t  of January but is  
lower than  tha t  of A p r i l  and October. The  e f f e c t  of showers extending 
t o  high a l t i t u d e s  i n  J u l y  is, however, s t i l l  p resen t ,  a s  shown by measure- 
a b l e  i n t e r f e r e n c e  temperatures when t h e  i n t e r f e r i n g  source  is 12 k m  above 
t h e  surface. 
An examination of i n t e r f e r e n c e  temperatures exceeded 5 minutes 
p e r  month (Fig. 13) shows tha t  October has the h i g h e s t  va lues  when t h e  
i n t e r f e r i n g  s i g n a l  is w i t h i n  2 k m  of the  su r face ;  b u t  when the  s i g n a l  is 
h igher ,  t h e  g r e a t e r  v e r t i c a l  ex ten t  of J u l y  p r e c i p i t a t i o n  makes J u l y  t h e  I 
I month of maximum i n t e r f e r e n c e  t empera tu res .  
~ These f i g u r e s  demonstrate t he  importance of summertime con- 
v e c t i v e  a c t i v i t y .  Although there are  fewer minutes of p r e c i p i t a t i o n  
du r ing  J u l y  than dur ing  t h e  o t h e r  months, t h e  v a s t l y  g r e a t e r  v e r t i c a l  
e x t e n t  and l o c a l l y  g r e a t e r  i n t e n s i t y  r e s u l t s  i n  much h ighe r  i n t e r f e r e n c e  
temperatures,  when t h e  i n t e r f e r i n g  source is  a t  r e l a t i v e l y  h igh  l e v e l s .  
I 
The v a r i a t i o n s  w i t h  t i m e  of day would a l s o  be g r e a t e s t  dur ing  
t h e  summertime, since the convec t ive  a c t i v i t y  v a r i e s  markedly wi th  s u r -  
f a c e  h e a t i n g  by s o l a r  r a d i a t i o n .  The t i m e  of maximum hea t ing  i s  s h o r t l y  
a f t e r  local  noon, and there is  an a d d i t i o n a l  one- o r  two-hour l a g  before  
convec t ive  storms reach maximum i n t e n s i t y .  Although the  d a t a  sample con- 
s i d e r e d  i n  t h i s  study proved r a t h e r  small f o r  t he  p l o t t i n g  of curves of 
s i g n i f i c a n t  d i f f e r e n c e s  between the  four  t i m e  per iods  of t h e  day, some 
conc lus ions  can be drawn from d i s t r i b u t i o n s  of p r e c i p i t a t i o n  r a t e s .  An 
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examination of cumulative d i s t r i b u t i o n s  of r a i n f a l l  r a t e s  a t  Po r t l and ,  
Maine,'" f o r  t h e  period 1951 t o  1960 shows t h a t  t h e  r e l a t i v e  f r equenc ie s  
of r a i n  rates va r i ed  w i t h  season and t i m e  of day, a s  shown i n  Table 11. 
Table I1 
NUMBER OF HOURS I N  30 MONTHS THAT 
PRECIPITATION RATE EXCEEDED 6 . 4  mm/hr-l 
Season 
Winter 
Spr ing  
Summer 
Time of Day 
12  10  
2 1 3  
7 1 4  
12 1 9  
5 3 
15 18 
23  16 
21 20 
The t a b l e  shows a tendency f o r  more hours of h igh  rates dur ing  t h e  period 
0100 t o  1200 EST i n  win te r .  During t h e  s p r i n g  and f a l l ,  t h e r e  is  not 
much change du r ing  the period 0700 t o  2400. I n  t h e  summer t h e r e  is a 
d e f i n i t e  maximum dur ing  t h e  per iod  1300 t o  1800 EST. The e f f e c t  of t h e s e  
v a r i a t i o n s  would be t o  cause d i f f e r e n c e s  i n  t h e  percent  of t i m e  a given 
i n t e r f e r e n c e  temperature was exceeded during t h e  d i f f e r e n t  per iods  of t h e  
day. The shapes of t h e  c u r v e s  would probably no t  change; i n s t ead ,  they 
would m e r e l y  s l i d e  back and f o r t h  along t h e  x-axis. 
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I IV COMPARISON OF INTERFERENCE TEMPERATURES AND SKY TEMPERATURES 
t 
Hogg and S e m ~ l a k 1 ~  made measurements of sky temperatures both dur ing  
per iods  of clear weather and dur ing  per iods of r a i n .  They found t h a t  
t h e r e  was no one-to-one comparison between su r face  r a i n f a l l  r a t e  and sky 
A. DISCUSSION OF SKY TEMPERATURES 
36 
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The sky temperatures shown on Figs.  7, 8 ,  9, and 10 are  a t  b e s t ,  
t h e r e f o r e ,  on ly  b a l l  park estimates, b u t  t h e y  do serve f o r  comparison 
wi th  magnitudes of i n t e r f e r e n c e  temperature. The sky-temperature va lues  
a t  t h e  right-hand s i d e  of t h e  f i g u r e s ,  r ep resen t ing  t h o s e  obta ined  when 
there is no p r e c i p i t a t i o n ,  a r e  reasonably w e l l  accepted. I t  i s  only  the 
shape of t h e  curve and the  maximum value  experienced f o r  very  s h o r t  t i m e  
pe r iods  t h a t  a r e  i n  ques t ion .  
ang le  f o r  about 5 minutes a month i n  Ju ly  (Fig. 9d) is  ove r ly  o p t i m i s t i c  
o r  p e s s i m i s t i c  can only  be  answered by a c t u a l  measurements taken du r ing  
some 20 Julys.  During a l l  seasons,  a no-rain sky temperature of 3 K a t  
t h e  zemith w a s  assumed. This  a l s o  probably v a r i e s  a few degrees,  but i n  
comparison w i t h  i n t e r f e r e n c e  temperatures which i n c r e a s e  t o  10 K o r  more, 
t h e  d i f f e r e n c e  between sky temperatures of say  2 K and 5 K seems 
n e g l i g i b l e .  
Whether 1000 K a t  a 2-1/2-degree e l e v a t i o n  
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B. RELATIVE MAGNITUDES OF INTERFERENCE AND SKY TEMPERATURES 
F igures  7, 8 ,  9, and 10 show p r o b a b i l i t y  d i s t r i b u t i o n s  of i n t e r -  
f e rence  temperatures when an i n t e r f e r i n g  source  of one p icowat t  p e r  
squa re  meter p e r  c y c l e  p e r  second i l l umina te s  the common volume above 
va r ious  selected a l t i t u d e s  and a l s o  shows an e s t i m a t e  of t h e  probably 
sky temperatures.  The f i g u r e s  a l l  show t h a t  a l a r g e  percentage of t he  
t i m e ,  a t  least  three weeks o u t  of the month, t h e  sky  temperatures w i l l  
exceed i n t e r f e r e n c e  temperatures.  The remaining seven days of each 
month, cond i t ions  change very r ap id ly ,  s i n c e  du r ing  t h e s e  seven days 
r a i n  of vary ing  i n t e n s i t i e s  and varying v e r t i c a l  e x t e n t  occurs.  Examina- 
t i o n  of the  f i g u r e s  shows t h a t  t o  keep t h e  maximum i n t e r f e r e n c e  tempera- 
t u r e  a t  l eas t  equal  t o  t h e  sky temperature, t h e  i n t e r f e r i n g  s i g n a l  must 
be above 6 k m  i n  January and Apr i l ,  above 12 t o  15 km i n  Ju ly ,  and above 
8 km i n  October.  The f i g u r e s  show the percent  of t i m e  t h a t  the  sky  t e m -  
p e r a t u r e  i s  equal  t o  t h e  i n t e r f e r e n c e  temperature when t h e  i n t e r f e r i n g  
s i g n a l  is p resen t  above va r ious  a l t i t u d e s .  S ince  t h e  c u r v e s  of i n t e r -  
f e r e n c e  tempera ture  s l o p e  much more than those  of sky  temperature, t h e  
l e v e l  above which the  i n t e r f e r i n g  s igna l  is  p resen t  is  t h e  major con- 
t r i b u t o r  t o  t he  percent  of t i m e  a given temperature w i l l  be exceeded. 
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I n  Ju ly ,  fo r  example, when t h e  i n t e r f e r e n c e  temperature  curves  a r e  closely 
spaced, t h e  d i f f e r e n c e  between the time t h e  sky temperature  is  equal  t o  
t h e  i n t e r f e r e n c e  temperature,  when the  i n t e r f e r i n g  s i g n a l  is  a t  t h e  ground 
and a t  8 km, is  only 4 percent  of t h e  t i m e ,  o r  30 hours. During other  
months there i s  a d ra s t i c  d i f f e r e n c e  i f  there is only  2 o r  4 km d i f f e r e n c e  
i n  t h e  l e v e l  above which the  i n t e r f e r i n g  s i g n a l  is present .  For  example, 
i n  January t h e  d i f f e r e n c e  of 2 km above t h e  s u r f a c e  i n  t h e  a l t i t u d e  of 
t h e  i n t e r f e r i n g  s i g n a l  means t h a t  the  t i m e  dur ing  which the i n t e r f e r e n c e  
temperature  w i l l  equa l  t h e  sky temperature i s  decreased by 58 hours. 
39 
V PREDICTION OF INTERFERENCE TEMPERATURES AT OTHER LOCATIONS 
A .  INTRODUCTION 
Previous sec t ions  of t h i s  r epor t  have shown t h a t  t h e  b a s i c  parameters 
important i n  producing l a r g e  in t e r f e rence  temperatures a r e  f requent  and 
in tense  p r e c i p i t a t i o n  extending t o  high a l t i t u d e s  and a source on i n t e r -  
f e r i n g  r a d i a t i o n  t h a t  i l luminates t h i s  p r e c i p i t a t i o n .  A s  es t imate  of 
t h e  p r o b a b i l i t y  d i s t r i b u t i o n  of i n t e r f e rence  temperature a t  any o ther  
loca t ion ,  as compared with t h a t  f o r  New England, must, theref ore,  consider  
how t h e  d i s t r i b u t i o n  of p r e c i p i t a t i o n  a t  t h e  o ther  l o c a t i o n  compares w i t h  
t h a t  a t  Por t land .  A comprehensive ana lys i s  of t he  d i f f e rences  between 
Por t land  and o the r  areas i n  probable in t e r f e rence  temperatures must con- 
s i d e r  t h e  r e l a t i v e  v e r t i c a l  ex ten t ,  i n t e n s i t y ,  and seasonal  and d iu rna l  
v a r i a t i o n s .  These meteorological parameters must  then be i n t e r p r e t e d  i n  
terms of t h e  phys ica l  and e l e c t r i c a l  parameters of p o t e n t i a l  sites. 
B. METEOROLOGICAL PARAMETERS 
1. Seasonal D i s t r ibu t ion  of P r e c i p i t a t i o n  
The globe i s  divided i n t o  a number of p r e c i p i t a t i o n  regimes. 
Some of t hese  regimes have s p e c i f i c  boundaries, owing t o  topographical  
f e a t u r e s .  Other regimes have no s p e c i f i c  boundaries;  ins tead ,  t he re  
i s  a zone of t r a n s i t i o n  across  which t h r  p r e c i p i t a t i o n  d i s t r i b u t i o n  
changes. Many of these p r e c i p i t a t i o n  d i s t r i b u t i o n s  may be i l l u s t r a t e d  
by s t a t i o n s  i n  var ious  sec t ions  of t he  United S t a t e s .  Figure 15 shows 
t h e  v a r i a b i l i t y  of monthly p r e c i p i t a t i o n  a t  se l ec t ed  s t a t i o n s .  Data 
f o r  t h i s  f i g u r e  are from World Weather Records," except t he  d a t a  f o r  
Port land,  Maine, which was taken from the  1941 Yearbook of Agricul ture ."  
The f i g u r e  shows considerable  v a r i a b i l i t y ,  both from nor th  t o  south 
and from east t o  w e s t ,  i n  monthly p r e c i p i t a t i o n  amount and season 
of maximum o r  minimum p r e c i p i t a t i o n .  A t  Port land the  monthly t o t a l s  
a r e  comparatively uniform throughout t h e  year, al though t h e r e  i s  a 
tendency toward l a r g e r  values  i n  t h e  winter and spr ing .  Southward along 
t h e  e a s t  coas t  t h e r e  is  an increas ing  t rend toward g r e a t e r  p rec ip i t a -  
t i o n  amounts during t h e  warmer months and less p r e c i p i t a t i o n  during 
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t h e  co lde r  months. T h i s  seasonal  e f f e c t  is  even more pronounced over  t he  
nor th  c e n t r a l  p a r t  of t h e  country,  where there is  a well-marked summer 
maximum p r e c i p i t a t i o n  and r e l a t i v e l y  l i t t l e  winter t ime p r e c i p i t a t i o n .  
Over t he  Rocky Mountain s t a t e s ,  between about 110 and 115 degrees  West 
longi tude,  t h e r e  is  very l i t t l e  p r e c i p i t a t i o n  dur ing  any month, w i t h  a 
tendency toward h ighe r  monthly t o t a l s  during t h e  colder ha l f  year .  Along 
t h e  P a c i f i c  Coast t h e r e  is  a very well-marked wet w in te r  season and a d r y  
summer season. 
monthly t o t a l s  from south  t o  nor th .  
I 
I 
I n  add i t ion ,  t h e r e  is an i n c r e a s e  i n  maximum winter t ime 
The t o t a l s  shown on Fig.  15 are  long-period means, and any 
s p e c i f i c  yea r  could depa r t  markedly from t h e  mean. A t  San Francisco,  
f o r  example, where the  mean December r a i n f a l l  i s  104 mm, there was a 
range dur ing  t h e  period 1951 t o  1960 from a minimum of 10 mm i n  1953 t o  
a m a x i m u m  of 312 mm i n  1955. An accurate  p red ic t ion  of the p robab i l i t y  
d i s t r i b u t i o n  a t  any l o c a t i o n  would requi re  a long-range p red ic t ion  of 
probable p r e c i p i t a t i o n  during t h e  p e r i o d  under cons idera t ion .  The longer  
the per iod,  the more c l o s e l y  condi t ions would approach the  mean; but then 
f o r  any given year ,  p red ic ted  d i s t r i b u t i o n s  of i n t e r f e r e n c e  temperatures 
could be v a s t l y  d i f f e r e n t  from observed condi t ions .  
2. P r e c i p i t a t i o n  I n t e n s i t y  
While mean monthly r a i n f a l l  t o t a l s  g ive  a measure of probable 
i n t e r f e r e n c e  temperature,  the i n t e n s i t y  a t  which the  p r e c i p i t a t i o n  occurs 
must  be considered, s i n c e  t h i s  is  r e l a t e d  t o  maximum values  of i n t e r -  
f e rence  temperature.  The only method of cons t ruc t ing  p robab i l i t y  d i s t r i -  
bu t ions  of p r e c i p i t a t i o n  i n t e n s i t i e s  a t  a given l o c a t i o n  would be t o  
analyze d a t a  co l l ec t ed  a t  o r  near  the  s p e c i f i c  s i t e  i n  quest ion.  
ou t ,  however, analyzing p r e c i p i t a t i o n  i n t e n s i t y  d a t a  a t  a number of 
l o c a t i o n s ,  it is poss ib l e  t o  draw some conclusions about r a i n  r a t e s  by 
cons ider ing  t h e  type  of p r e c i p i t a t i o n  t h a t  is  m o s t  f requent  i n  var ious 
par ts  of t h e  country.  There is a seasonal  v a r i a t i o n  i n  p r e c i p i t a t i o n  
i n t e n s i t y  a s  w e l l  a s  i n  t o t a l  p r e c i p i t a t i o n .  
a b l e  propor t ion  of the  wintertime p r e c i p i t a t i o n  f a l l s  a s  snow, t h e  pre- 
c i p i t a t i o n  r a t e s  could be much lower than those  assoc ia ted  w i t h  r a in .  
With- 
I n  a reas  where a consider-  
41  
Z 
0 
I- 
Q: 
I- 
n 
- 
- 
E 
E 
Q 
> 
-1 
I 
I- 
Z 
0 c 
U 
0 
> 
I- 
J 
- 
- rn 
9 
E 
Q: > 
‘2 
d - 
U 
42 
For example, Cole and Donaldson17 p lo t t ed  t h e  r a t i o  of annual p r e c i p i t a -  
t i o n  d iv ided  by t h e  number of days wi th  0.25 mm o r  more p r e c i p i t a t i o n  
a g a i n s t  the percentage  of t i m e  p r e c i p i t a t i o n  r a t e s  of 1.5, 3.0, and 4 .5  
mm p e r  hour  were equaled o r  exceeded and found c o r r e l a t i o n  c o e f f i c i e n t s  
of 0.878, 0.955, and 0.960, r e spec t ive ly .  They f u r t h e r  found t h a t  99 o r  
more percent  of a l l  p r e c i p i t a t i o n  r a t e s  equa l  t o  o r  exceeding 3.0 mm pe r  
hour  occurred only  wi th  temperatures above f r e e z i n g .  About 85 percent  
of t h e  rates h a l f  as g r e a t  a l s o  occur red  w i t h  temperatures above f r e e z i n g .  
T h e i r  s t u d i e s  may be i n t e r p r e t e d  t o  mean t h a t  i n  a r e a s  w i t h  
l i t t l e  p r e c i p i t a t i o n  and where the wintertime p r e c i p i t a t i o n  f a l l s  a s  snow, 
and hence a t  low rates, there would be a low p r o b a b i l i t y  of s i g n i f i c a n t  
i n t e r f e r e n c e  temperatures.  As examples, S a l t  Lake Ci ty ,  Utah, and 
Bismark ,  North Dakota, both have low w i n t e r t i m e  p r e c i p i t a t i o n ,  according 
t o  Fig.  15. 
a t  these l o c a t i o n s  f a l l s  a s  snow. Therefore,  t h e s e  l o c a t i o n s  would have 
very  n e g l i g i b l e  i n t e r f e r e n c e  temperatures dur ing  t h e  co lde r  months. I n  
o t h e r  a reas ,  no tab ly  t h e  c o a s t a l  regions of t he  United S t a t e s ,  an in -  
s i g n i f i c a n t  f r a c t i o n  of the annual p r e c i p i t a t i o n  f a l l s  a s  snow. 
Visher” shows t h a t  30 percent of t he  annual p r e c i p i t a t i o n  
The p r e c i p i t a t i o n  which d o e s  no t  f a l l  a s  snow, and hence can 
be  assumed t o  have somewhat h ighe r  r a t e s  and t h e r e f o r e  h ighe r  i n t e r -  
f e rence  temperatures,  may be classified i n t o  two types:  (1) the  rela- 
t i v e l y  uniform continuous p r e c i p i t a t i o n  a s soc ia t ed  w i t h  major storm 
systems, most f r equen t  dur ing  the  f a l l ,  win ter ,  and sp r ing ;  and (2) t h e  
convec t ive  p r e c i p i t a t i o n  during the summer. The r a t e s  a t  which the 
cont inuous  p r e c i p i t a t i o n  occurs i n  any given l o c a t i o n  are probably q u i t e  
s i m i l a r  t o  those  a t  Por t land ,  Maine, during October, and t h e  major d i f -  
f e r e n c e  i n  p r o b a b i l i t y  d i s t r i b u t i o n s  of i n t e r f e r e n c e  temperature between 
Por t l and  and another  l o c a t i o n  would be due t o  t h e  frequency of occurrence 
of cont inuous  p r e c i p i t a t i o n .  I n  a r e a s  of g r e a t e r  t o t a l  monthly r a i n f a l l ,  
there would be curves  of s i m i l a r  shapes but  w i t h  a s h i f t  toward a h ighe r  
pe rcen t  of the t i m e .  I n  a reas  of lower monthly p r e c i p i t a t i o n ,  t h e  curves 
of i n t e r f e r e n c e  temperature would be s h i f t e d  toward a lower percent of 
t h e  t i m e .  There could a l s o  be some minor d i f f e r e n c e s  i n  t h e  magnitudes 
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of in t e r f e rence  temperatures above var ious l e v e l s ,  bu t  t hese  would be 
minor compared t o  t h e  summertime ccnvective p r e c i p i t a t i o n .  
The i n t e n s i t y  of summertime convective p r e c i p i t a t i o n  i s  c l o s e l y  
r e l a t e d  t o  t h e  v e r t i c a l  ex ten t  of t h e  p r e c i p i t a t i o n .  The v e r t i c a l  ex- 
tent of t h e  more severe  convective a c t i v i t y ,  hence h ighes t  r a i n f a l l  r a t e s ,  
can be compared a t  var ious  loca t ions  by consider ing t h e  he ight  of t h e  
tropopause. The tropopause used t o  be regarded as an upper l i m i t  t o  
convection, s i n c e  above t h i s  l e v e l  t he  atmosphere becomes warmer w i t h  
i nc reas ing  a l t i t u d e ,  and r i s i n g  parce ls  of a i r  pene t r a t ing  t h i s  l a y e r  
would become colder  than t h e i r  environment, thus  l o s i n g  t h e i r  buoyancy 
and a b i l i t y  t o  r i s e  f u r t h e r .  
Recent studies’ ,lo have shown t h a t  more v i o l e n t  thunderstorms 
pene t r a t e  t h e  tropopause t o  varying degrees, depending on loca t ion ,  
season, and t i m e  of day. 
and the  number of thunderstorms t h a t  penetrated t h e  tropopause by 1 . 5  
and 3.0 km. An adapta t ion  of t hese  values of average tropopause he ights  
and t h e  number and percent  of thunderstorms t h a t  exceeded the  tropopause 
he ight  is given i n  Table 111. 
One s t u d y  g i v e s  he ights  of the  tropopause 
I n  R e f .  9, t he  authors  explain t h a t  t h e  g r e a t  major i ty  of these 
tropopause pene t r a t ions  are during the summer months and during the  t i m e  
of day from 1200 t o  2000, w i t h  t he  major peak between 1600 and 1700 LST. 
In  t h e  above-referenced s tudy ,  t he  s t a t i o n  c l o s e s t  i n  space and 
climatic regime t o  Port land,  Maine, i s  N e w  York C i t y .  A t  t h a t  s t a t i o n  
some tops  pene t ra ted  3 km or  more above the  12-km tropopause.  A t  more 
s o u t h e r l y  s t a t i o n s ,  notably New O r l e a n s ,  a s u b s t a n t i a l  number of tops  
pene t ra ted  t o  3 km or more above a 14-km tropopause, o r  t o  17  km or more. 
A more recent  report”  does not give average tropopause he ights  
but does give t h e  average year ly  tropopause pene t r a t ions  during the  period 
1961 through 1964. 
average tropopause he igh t s  from Ref. 9 t o  give an e s t ima te  of t he  r e l a -  
t i v e  numbers of thunderstorm tops  extending t o  var ious  a l t i t u d e s  a t  
va r ious  loca t ions .  Table I V  shows the combined d a t a  from Refs. 9 and 10. 
These va lues  have been combined with d a t a  on t h e  
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S t a t i o n  
Table I11 
TROPOPAUSE HEIGHT AND PENETRATIONS BY THUNDERSTORMS A T  SELECTED STATIONS 
(h) I 1.5 km 
Number and Percent 1 E;:;fZse I of Penet ra t ions  above 
13 
14 
14 
11 
12 
15 
12 
13 
12 
50 
59 
212 
16 
175 
12 
58 
8 
10 
Amarilo, Texas 
Tampa, F lo r ida  
N e w  Orleans, Louisiana 
M i  s s oul a, Montana 
Kansas C i t y ,  Missouri 
Brownsville, Texas 
N e w  York, N e w  York 
Wilmington, D e l a w a r e  
Sacramento, Ca l i fo rn ia  
9 
73 
1 
90 
5 
19 
0 
1 
1 
4.2 
34.0 
0 .5  
41.8 
2 .3  
8.8 
0 
0.5 
- 
8.3 
9 .8  
35.3 
2.7 
29.2 
2 .o 
9.7 
1.3 
1.7 
3.0 km 
Table I V  
AVERAGE ANNUAL NUMBER OF THUNDERSTORM TOPS EXTENDING TO VARIOUS ALTITUDES 
S t a t i o n  
Amarillo, Texas 
Tampa, F lo r ida  
N e w  Orleans, Louisiana 
Missoula, Montana 
Kansas City,  Missouri 
Br ownsvi 1 le, Texas 
N e w  York C i t y  
W i lming t on, De 1 aware 
Sacramento, Ca l i fo rn ia  
- 
12 
27 
- 
- 
13 - 
15 
06 
13 - 
- 
14 
74 
-
1 
506 
52 
10 
4 - 
A l l  -
15 
67 
36 
316 
220 
21 
3 
.tudc 
16 
32 
52 
281 
-
118 
10 
3 
0 
7 
17 
17 
12 
146 
64 
28 
0 
18 
12 
1 
84 
-
41 
10 
0 
19 
1 
- 
26 
11 
4 
2 0  - 
O* 
9 
1 
1 
* 
1 or  2 during the  four-year period. 
45 
It  should be s t r o n g l y  emphasized t h a t  the  implied h e i g h t s  i n  t h i s  t a b l e  
I are sub jec t  t o  many u n c e r t a i n t i e s .  For example, t h e  maximum tropopause 
I 
p e n e t r a t i o n  may have occurred when t h e  t ropopause w a s  a t  a he ight  much 
lower than  average. The t a b l e  is presented merely as a p o s s i b l e  guide 
t o  maximum convect ive he igh t s  i n  v a r i o u s  r eg ions  of t h e  United S t a t e s ;  
t h e  a v a i l a b l e  r a d a r  records  have not  been summarized i n  t h e  form of t h e  
number of t ops  a t  va r ious  he igh t s  above sea l e v e l .  
Table I V  impl ies  t h a t  tops  do not  exceed 21 km and t h a t  gene ra l ly  
t h e  lower tops  are over t h e  western par t  of t h e  United S t a t e s .  The gen- 
e ra l  inference  of t h i s  t a b l e  is  cons i s t en t  with o the r  evidence t h a t  re- 
la tes  thunderstorm s e v e r i t y  t o  thunderstorm h e i g h t ;  i . e . ,  a r eas  such as 
Amarillo, Texas, and Kansas City,  Missouri, have more v i o l e n t  storms 
(more h a i l  and tornadoes)  than  N e w  York C i t y  o r  Missoula, Montana. 
planning p o t e n t i a l  p r e c i p i t a t i o n  s c a t t e r  i n t e r f e r e n c e  dur ing  summer 
months, t he re fo re ,  i t  would be re levant  t o  cons ider  t h e  p o s s i b i l i t y  of 
occas iona l  convect ive a c t i v i t y  t o  a t  least t h e  a l t i t u d e s  suggested by 
Table I V .  
For 
The m o d e l  of backsca t t e r  c ros s  sec t ion  g iven  i n  Sec. 11-C f o r  con- 
vec t ive  p r e c i p i t a t i o n  should apply t o  convect ive a c t i v i t y  i n  a l l  loca-  
t i o n s .  Therefore,  when t h e  p r e c i p i t a t i o n  extends t o  very g r e a t  a l t i t u d e s ,  
t h e  i n t e r f e r e n c e  temperatures  should be very l a r g e  i f  an i n t e r f e r i n g  
source is  present  down t o  t h e  s u r f a c e  a t  t h e  r e c e i v e r  s i te ,  and sub- 
s t a n t i a l  i n t e r f e r e n c e  temperatures should be experienced, even i f  t h e  
i n t e r f e r i n g  s i g n a l  is  present  only above r e l a t i v e l y  high a l t i t u d e s .  
C. SITE PARAMETERS 
The d i scuss ion  of p r e c i p i t a t i o n  in  t h e  preceding s e c t i o n s  shows 
t h a t  p o t e n t i a l  sa te l l i t e  ground s t a t i o n s  i n  many c l ima to log ica l  a r eas  
must be loca t ed  such t h a t  any i n t e r f e r i n g  s i g n a l  is  only present  above 
r a t h e r  high a l t i t u d e s .  S i t e s  l oca t ed  where t h e r e  i s  l i t t l e  annual 
p r e c i p i t a t i o n ,  and where much of t h e  p r e c i p i t a t i o n  occurs as snow, can 
t o l e r a t e  much lower a l t i t u d e s  of i n t e r f e r i n g  s i g n a l  than  s i tes  loca ted  
i n  areas of cons iderable  summertime convective p r e c i p i t a t i o n .  An 
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example of t h e  former is a s t a t i o n  located i n  t h e  nor thern  Rocky 
Mountain states, where monthly p r e c i p i t a t i o n  t o t a l s  r a r e l y  exceed 50 mm 
and almost one t h i r d  of t h e  annual p r e c i p i t a t i o n  f a l l s  a s  snow. An 
example of t he  l a t t e r  i s  a Gulf Coast s t a t i o n ,  where summertime pre- 
c i p i t a t i o n  may exceed 200 mm per  month and where t h i s  r a i n f a l l  occurs 
i n  thunderstorms extending above 20 kilometers .  It  appears t he re fo re ,  
t h a t  areas of t h e  United S t a t e s  t h a t  have t h e  g r e a t e s t  convect ive pre- 
c i p i t a t i o n  and a l s o  t h e  most f requent  and in t ense  continuous p r e c i p i t a -  
t i o n  a r e  those  a reas  t h a t  have t h e  f l a t t e s t  t e r r a i n ,  and the re fo re ,  
t e r r a i n  s h i e l d i n g  of a r e c e i v e r  site from p o t e n t i a l  i n t e r f e r e n c e  sources  
is p r a c t i c a l l y  impossible .  I n  addi t ion,  many of the  areas of maximum 
r a i n f a l l  are areas of g r e a t e r  population dens i ty ,  g r e a t e r  i n d u s t r i a l  
a c t i v i t y ,  and more numerous e m i t t e r s  of e lectromagnet ic  r a d i a t i o n .  The 
s e l e c t i o n  of a s i t e  or si tes t h a t  would be remote from i n t e r f e r i n g  sources  
and would have l i t t l e  p r e c i p i t a t i o n  s c a t t e r  from t h e s e  remote i n t e r f e r e n c e  
sources  thus  tends t o  cen te r  on some dese r t  region o r  on some low r a i n f a l l  
reg ion  such as t h a t  found i n  t h e  Rocky Mountain s t a t e s ,  I n  t h i s  region,  
p r e c i p i t a t i o n  is  at a minimum. A t  t h e  more no r the r ly  l a t i t u d e s ,  about 
one t h i r d  of t h e  p r e c i p i t a t i o n  occurs as snow, and t h e  mountainous ter- 
r a i n  could o f f e r  s h i e l d i n g  from p o t e n t i a l  i n t e r f e r e n c e  sources .  
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V I  RECOMMENDATIONS FOR FUTURE WORK 
Many aspec ts  of t h e  determinat ion of p r o b a b i l i t y  d i s t r i b u t i o n  of 
p r e c i p i t a t i o n  scatter i n t e r f e r e n c e  a r e  somewhat i n d e f i n i t e  because of 
l a c k  of a v a i l a b l e  d a t a  or  because study of a l l  a v a i l a b l e  d a t a  d id  not 
f a l l  wi th in  the  scope of t h e  research  repor ted  he re in .  The r e a d i l y  
a v a i l a b l e  su r face  observa t ions  of r a i n f a l l  g ive  t h e  percent  of t i m e  t h e  
r a i n f a l l  r a t e  exceeds 7 . 6  mm h r  bu t  do not g ive  t h e  maximum rates t h a t  
may occur.  Thus, t h e  maximum in t e r f e rence  temperatures  t h a t  might occur 
could no t  be determined. 
-1 
Many assumptions were made i n  der iv ing  t h e  models of backsca t t e r ing  
c ros s  s e c t i o n s  of t h e  continuous and convective p r e c i p i t a t i o n .  Although 
these models were based on a v a i l a b l e  information i n  publ ished l i t e r a t u r e ,  
t h e r e  is much add i t iona l  information t h a t  h a s  not  been analyzed and 
publ ished.  For ins tance ,  many r a d a r  sites r o u t i n e l y  photograph RHI 
scopes, and thus  there e x i s t  f i lms  showing t h e  v e r t i c a l  ex ten t  of radar-  
d e t e c t a b l e  p r e c i p i t a t i o n .  Except for  cases  of severe  wea the r  causing 
major l o s s  of proper ty  and l i f e ,  these  d a t a  have not been summarized and 
pub1 ished . 
More recent  advances i n  t h e  s t a t e  of t he  a r t  i n  r ada r  d a t a  col-  
l e c t i o n  provide three-dimensional i n t e n s i t y  contours of p r e c i p i t a t i o n .  
These, as a s i g n i f i c a n t  sample becomes a v a i l a b l e  from var ious  sites, 
would provide needed knowledge of three-dimensional p r o b a b i l i t y  d i s -  
t r i b u t i o n s  of p r e c i p i t a t i o n  i n t e n s i t y .  
Future  work on t h e  problem of p r e c i p i t a t i o n  s c a t t e r  i n t e r f e r e n c e  
could be d iv ided  i n t o  th ree  types of s tud ie s .  F i r s t ,  a number of t h e  
o lde r  r a d a r  records  could be co l l ec t ed  and examined t o  determine more 
p r e c i s e l y  t h e  p r o b a b i l i t y  d i s t r i b u t i o n s  of the  maximum v e r t i c a l  ex ten t  
of radar -de tec tab le  p r e c i p i t a t i o n  a t  a number of l o c a t i o n s .  Second, t h e  
more r ecen t  q u a n t i t a t i v e  radar  f i lms  could be co l l ec t ed  and analyzed t o  
r e f i n e  i n t e n s i t y  d i s t r i b u t i o n s  of p r e c i p i t a t i o n  a t  var ious  a l t i t u d e s .  
The r e s u l t s  of t hese  s t u d i e s  could be s t rong ly  biased,  depending upon 
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- whether t h i s  more soph i s t i ca t ed  equipment were operated r o u t i n e l y  or  were 
used only t o  c o l l e c t  d a t a  on cases  of t he  more severe  weather, such a s  
h a i l ,  tornadoes,  f l a s h  f loods ,  and hurr icanes.  
I 
I 
I 
Fina l ly ,  a program could be i n i t i a t e d  s p e c i f i c a l l y  t o  c o l l e c t  d a t a  
on t h e  frequency with which i n t e r f e r e n c e  temperatures of var ious magni- 
tudes w e r e  encountered. Such a program would t ake  cons iderable  t i m e  and 
r e q u i r e  a number of r e c e i v e r s  a t  var ious  d i s t ances  from a given i n t e r -  
fe rence  source, or a number of p a i r s  of r ece ive r s  and in t e r f e rence  
sources .  Concurrent with t h e  c o l l e c t i o n  of such da ta ,  t he re  should be 
three-dimensional q u a n t i t a t i v e  r ada r  records (poss ib ly  t h e  radar  could 
s e r v e  as t h e  i n t e r f e r e n c e  source)  as w e l l  a s  t h e  conventional r a i n f a l l  
and radiosonde d a t a  t h a t  t he  weather bureau has c o l l e c t e d  f o r  many years .  
By s imultaneously c o l l e c t i n g  in t e r f e rence  temperature d a t a  and three-  
dimensional r a i n f a l l  da ta ,  some of t h e  assumptions t h a t  w e r e  necessary 
i n  t h i s  r e p o r t  could be el iminated.  
A comparison of t h e  th ree  courses  of a c t i o n  ou t l ined  above would 
suggest  t h a t  t o  gain add i t iona l  information most r ap id ly ,  t h e  bes t  
procedure would be t o  c o l l e c t  a l l  ava i l ab le  q u a n t i t a t i v e  radar  d a t a  
(both PPI and RHI) t h a t  have been co l l ec t ed  w i t h  increas ing  frequency 
during t h e  pas t  f e w  years f o r  a number of s e l e c t e d  s i t e s  (such a s  
Champaign, I l l i n o i s ;  Cambridge, Massachusetts;  M i a m i ,  F l o r i d a ;  College 
S t a t i o n ,  Texas; Corva l l i s ,  Oregon; Seattle, Washington; McGill Universi ty ,  
Montreal, Canada) and f o r  a number of USWB WSR-57 sites, and make the  
bes t  poss ib l e  c l ima to log ica l  assessment o f  t h e  p r o b a b i l i t y  d i s t r i b u t i o n  
of ho r i zon ta l  and v e r t i c a l  p r e c i p i t a t i o n  i n t e n s i t y  p r o f i l e s .  While such 
a program would not be inexpensive (due t o  cos t  of f i l m  reproduct ion)  
and would r e q u i r e  cons iderable  t i m e  t o  analyze the  l a r g e  sample d a t a  
involved, i t  would provide v e r y  worthwhile knowledge of t he  v e r t i c a l  
d i s t r i b u t i o n  of p r e c i p i t a t i o n .  
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Appendix 
COMPUTATION OF INTERFERENCE TEMPERATURES 
FROM CONVECTIVE PRECIPITATION 
The d a t a  from which i n t e r f e r e n c e  temperatures f o r  convect ive showers 
w e r e  determined c o n s i s t s  of t h e  d i s t ance  t o  and pa th  l eng th  through r ada r  
echoes loca t ed  along t e n  randomly s e l e c t e d  azimuths (see Sec. I1 C 2). 
The geometry of t h e  computations, with showers of var ious  sizes a t  va r ious  
d i s t ances ,  is  shown by Fig .  A-1. On t h i s  f i g u r e  t h e  symbols have t h e  
fo l lowing  meaning: 
0 = e l e v a t i o n  angle  
D = d i s t a n c e  t o  shower 
L = hor i zon ta l  pa th  length  through t h e  shower 
H = height  of t h e  shower 
h = height  a t  which t h e  antenna beam i n t e r c e p t s  t h e  cen te r  
of t h e  shower 
f =  l e v e l  above which an i n t e r f e r e n c e  source i s  present  
G = range a t  which t h e  beam pene t r a t e s  t h e  base of t h e  
reg ion  i l lumina ted  by  an i n t e r f e r e n c e  source.  
The length  of t h e  ho r i zon ta l  path through t h e  echo, L, i s  assumed 
t o  be equiva len t  t o  t h e  shower diameter.  Then, as ou t l ined  i n  Fig.  4, 
t h e  he igh t  of t h e  shower H is r e l a t e d  t o  L as follows: 
L 5 14.8 km, H = L 
14.8 < L S 20.3 km, H = 29.3 - L 
L > 20.3 km, H = 9.3 km. 
With t h e  l a r g e  areas of convective a c t i v i t y  a t  long ranges,  it is  
l i k e l y  t h a t  t h e  beam w i l l  pene t r a t e  the t o p  of t h e  shower and t h a t  t h e  
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value  of L w i l l  overest imate  t h e  l eng th  of t h e  c o n t r i b u t i n g  pa th  through 
t h e  storm. For cases of L > 2 0 . 3  km, a computation was made us ing  t h e  
equat ion  
I 
L' = -D + ka t a n  0 +V(D + ka t a n  - 2 ka (D t a n  0 - 9.3) (A-1 ) 
where 
L' i s  e f f e c t i v e  ho r i zon ta l  path length  
ka is  e f f e c t i v e  e a r t h  r ad ius .  
I I f  L' w a s  smaller than  L, i t  w a s  used i n  subsequent c a l c u l a t i o n s .  
The he ight  a t  which t h e  antenna beam i n t e r s e c t s  t h e  core  of t he  
shower is  given by 
(D + $)2 
2 ka 
/ - \ 2  
\" 2 )  h = ($ + D) t a n  0 + (A-2 ) 
where t h e  las t  t e r m  is a c o r r e c t i o n  f o r  t h e  e a r t h ' s  curvature ,  with t h e  
4/3 e a r t h  approximation of ka = 8500 km. 
When t h e  l e v e l  of €he i n t e r f e r i n g  s i g n a l  i s  above t h e  sur face ,  i t  
i s  p o s s i b l e  f o r  t h e  beam t o  be w i t h i n  a shower but  wholly or  p a r t i a l l y  
below t h e  l e v e l  t h a t  could c o n t r i b u t e  t o  i n t e r f e r e n c e  temperature.  
Therefore ,  it i s  necessary t o  consider  t he  range G a t  which t h e  beam 
begins  t o  pene t r a t e  t he  base of t h e  region i l lumina ted  by the  i n t e r f e r i n g  
source.  
is p r e s e n t )  by t h e  equat ion 
Range G is r e l a t e d  t o  ? ( t h e  a l t i t u d e  above which i n t e r f e r e n c e  
The c a l c u l a t i o n s  of i n t e r f e r e n c e  temperature f o r  showers are j u s t  
e x t r o p o l a t i o n s  of t h e  b a s i c  express ion  Eq. (10): 
= 4.05 ? '5 L , 
*i 
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I which g ives  t h e  i n t e r f e r e n c e  temperature under condi t ions  where 
H G 5 D and h 5 -  
2 , 
t h a t  is, where the  e n t i r e  path within the  shower i s  i l lumina ted  by t h e  
i n t e r f e r e n c e  source and t h e  beam i s  penet ra t ing  t h e  lower half  of t he  
shower. 
t 
Under condi t ions  wherein G S D but  t h e  beam i s  i n  the  dome of t h e  
H 
2 
~ 
m o d e l  shower, i .e.,  - < h H, it can be shown t h a t  t he  bas i c  expression 
must be modified and becomes 
= 4.05 H2*5 L X F t h  ') 
Ti 
(A-4 1 
(A-5) 
and Cy is  a dimensionless parameter descr ib ing  t h e  l oca t ion  of t he  poin t  
of i n t e g r a t i o n .  
I n  a l l  cases  where h > H, t h e  beam is  assumed t o  completely over- 
shoot t h e  shower, and T is then zero.  
i 
I f  D < G < D + L, then only a por t ion  of t he  path through t h e  shower 
is i l lumina ted ,  and by s e t t i n g  new l i m i t s  of i n t e g r a t i o n  on Eq. 
t h e  cases where h < - and L S 20.3 km, 
(8) f o r  
H 
2 
T. = 4.05 HZe5 L x 5 
I D  ~ 
1 
For s i m p l i c i t y ,  cases w i t h  L < 20.3 km a r e  assumed t o  be s i n g l e  showers, 
and on t h a t  b a s i s  t h e  added f a c t o r  has been appl ied t o  t h e  bas i c  i n t e r -  
f e rence  temperature  expression Eq. (A-4).  For t h e  l a r g e r  values  of L, 
i t  is l i k e l y  t h a t  more than one shower l ies along t h e  beam. Therefore,  
t h e  more s o p h i s t i c a t e d  assumptions of Eg. (A-6) a r e  not j u s t i f i e d ,  and 
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, 
t he  fol lowing simple ex t r apo la t ion  of Eq. (LO)  is used f o r  
D C G < D + L, h 5 and L > 20 .3  km: 2’ 
2 . 5  D + L - G  
L 
T. = 4 . 0 5  H L X 
1 
(A- 7) 
For s impl i c i ty ,  w i t h  D < G < D + L and 
a s  t h e  above express ion  cor rec ted  by the  f a c t o r  
= 4 . 0 5  H 2 . 5  L X D + L - G  F f h  7 Ti ( A - 8 )  
For D + L < G, t h e  beam w i l l  be under t h e  i l lumina ted  region of t h e  
shower, and T = 0. i 
From t h e  r ada r  f i lms  i t  w a s  impossible t o  sepa ra t e  showers over t h e  
s t a t i o n  from nea r - f i e ld  c l u t t e r .  To approximate T f o r  showers over t h e  
s t a t i o n ,  then, a po in t  along each of t he  azimuths used was se l ec t ed  t o  
r ep resen t  t h e  s t a t i o n .  When r ada r  detected showers were over t h i s  po in t ,  
an i n t e r f e r e n c e  temperature represent ing  condi t ions  w i t h  showers over t he  
s t a t i o n  could be ca l cu la t ed .  For low e l e v a t i o n  angles ,  t h i s  w a s  s imp ly  
performed by us ing  t h e  above equations,  but  i n  every case the  d i s t ance  D 
of t h e  equat ions was replaced by D - X, where X is  t h e  range t o  t h e  
poin t  s e l e c t e d  t o  represent  t h e  s t a t i o n .  
i 
For showers over t h e  
90 degrees,  t h e  fol lowing 
H 3 5 , :  
s t a t i o n  and an antenna e l eva t ion  angle  of 
modification t o  t h e  b a s i c  equat ion r e s u l t s  i f  
The f i r s t  term within t h e  bracke ts  is t h e  f a c t o r  derived f o r  t h e  path 
wi th in  t h e  c y l i n d r i c a l  po r t ion  of the shower, and F P D  + - 29 i s  
t h e  f a c t o r  f o r  t he  por t ion  of t h e  path through the  dome of t h e  shower and 
is t h e  same a s  Eq. 
t e g r a t i o n .  The value of in te r fe rence  temperature cont r ibu ted  by only 
(A-3)  but with d i f f e r e n t l y  def ined l i m i t s  of in-  
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a frac t ion  of the dome when ff 
2 
shown be 1 ow: 
9 C H was roughly approximated as 
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